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Abstract
During recent decades, human land-use has significantly increased the transport of nutrients 
from land to sea. These anthropogenic nutrients have increased coastal primary productivity 
and caused eutrophication. Among the numerous negative effects is widespread degradation 
of coastal ecosystems due to oxygen depletion following the decomposition of excess 
organic matter. Agriculture is generally the main source of anthropogenic inputs, but 
expanding brackish-water aquaculture and coastal urbanization are additional sources of 
nutrients to coastal waters. Coastal aquaculture is especially prominent in developing regions 
of the tropics and subtropics. There, mangrove forests are the dominant form of coastal 
vegetation and these ecosystems have the potential to function as filter for nutrients and 
mitigate human impact.
The main goal of this study was to investigate land-derived material inputs into coastal 
waters of Guangxi Province and the northern Beibu Gulf, southern China, and to assess the 
mitigating effect of mangrove forests. The study site comprising the Nanliu River and 
Lianzhou Bay provides a setting with multiple human influences encompassing agriculture, 
aquaculture and urban development. As elsewhere in low latitudes, the mangroves in the 
estuary have been subject to deforestation and conversion to aquaculture ponds. The site 
thus presents a prime example for studying land-ocean nutrient fluxes in human affected 
coastal areas.
To approach this objective, the sources, transformations and fates of nutrients and organic 
matter were investigated by biogeochemical field and laboratory methods. The role of 
mangroves was assessed by field measurements, incubation experiments, and model 
calculations. During four campaigns covering seasonal variability over two years, dissolved 
and particulate matter samples and environmental data were obtained from riverine, 
estuarine, and coastal waters, as well as from aquaculture ponds and mangrove effluents. 
Additionally, mangrove and other plant leaves were sampled and sediments were obtained 
as surface samples and vertical cores, from which porewater profiles were retrieved. Water 
samples were analyzed for dissolved inorganic nutrients as well as organic carbon (DOC)
and nitrogen (DON). All solid samples were analyzed for their carbon and nitrogen content 
???????????????????????????13???????15N, respectively), while suspended particles were also 
analyzed for their chlorophyll a content and amino acid composition. 
Land-use in the catchment of the Nanliu River, dominated by agriculture, causes high 
nutrient concentrations especially of nitrate (NO3; up to 209 μM) and phosphate (PO4; up to 
3.7 μM). The river’s nutrient composition, with lower concentrations of ammonium (NH4; up to
40 μM) and silicate (Si; 25-94 μM), indicates predominantly human sources, which is 
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??????????????????????15N values (up to 10.4 ‰) of suspended material. Particulate nitrogen
and particulate organic carbon mainly derive from phytoplankton growing in the river under 
the use of anthropogenic nutrients, and receive minor contribution from terrestrial organic 
matter. High concentrations of dissolved and particulate nutrients were also measured in 
aquaculture ponds, where dissolved nitrogen was dominated by NH4 (up to 355 μM) and 
DON (up to 151 μM). Due to overwhelming river input and an unusual pond management, 
with intermitted farming in winter and rare water exchange, aquaculture contributes relatively 
low percentages of the annual nutrient input to Lianzhou Bay. Indeed, the export from Nanliu 
River is disproportionately high compared to many larger rivers, due to high nutrient yields 
from the relatively small catchment. Sediment incubation experiments in the mangroves of 
the Nanliu estuary were used to calculate nutrient uptake and showed that some of the land 
derived inputs can be removed by benthic denitrification and by plant uptake. Unfortunately, 
the area covered by mangrove forest is too small to provide a significant filtration service for 
anthropogenic nutrients, which thus reach coastal waters relatively unaltered. These nutrient 
inputs fuel marine primary production and result in coastal eutrophication of Lianzhou Bay, 
which is reflected in high chlorophyll a concentrations (up to 24 μg L-1). Despite this, there 
are no signs of oxygen depletion. This is due to a combination of biological and physical 
controls that are promoted by the morphology of Lianzhou Bay. The high primary production
is controlled by abundant benthic filter feeding bivalves, which are commercially harvested 
on a large scale and thus contribute significantly to nutrient export from the system. Strong 
macrotidal currents, as well as wind force, induce permanent vertical mixing of the water
column. This promotes the translocation of oxygen saturated water from the sea surface to 
bottom water, preventing benthic oxygen depletion and anoxic conditions that would lead to 
“dead zones”. Furthermore, tidal currents enhance the transport out of Lianzhou Bay into the
open Beibu Gulf. A comparison with two different coastal systems, the relatively pristine 
Huangzhu Estuary and Shankou Mangrove, showed that the exported dissolved and 
particulate nutrients can be dispersed along the Guangxi coast and may spread human 
impacts into remote locations.
These findings show that land-use in river catchments is currently the main factor 
contributing to eutrophication in coastal waters of the northern Beibu Gulf. Since the export of 
land-derived nutrients affects remote systems, it becomes a regional rather than local issue 
in coastal ecosystem conservation. Natural factors are not able to sufficiently reduce 
anthropogenic nutrient loads, making improved nutrient management the only viable option 
to prevent human enhanced marine productivity. Though aquaculture is currently not the 
main nutrient source, it needs special focus as it is a rapidly growing food production sector 
in the region, and worldwide, and higher nutrient yields than from agricultural areas will 
increase human impacts as aquaculture expands.
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Zusammenfassung
Während der letzten Jahrzehnte führte Landnutzung zu signifikanter Erhöhung des 
Nährstofftransports vom Land ins Meer. Diese anthropogenen Nährstoffe haben die 
Primärproduktion in Küstengebieten erhöht und zu Eutrophierung geführt. Zu den 
zahlreichen negativen Folgen gehört die großflächige Degradation von Küstenökosystemen 
in Verbindung mit Sauerstoffzehrung während der Zersetzung von überschüssigem 
organischem Material. Agrarkultur ist generell die Hauptquelle für anthropogene Einträge, 
doch expandierende Brackwasser-Aquakultur und Küstenurbanisierung sind zusätzliche 
Nährstoffquellen für Küstengewässer. Aquakultur an Küsten ist von besonderer Bedeutung in 
den Entwicklungsländern der Tropen und Subtropen. Dort dominieren Mangrovenwälder die
Küstenvegetation und diese Ökosysteme fungieren als potentielle Filter für Nährstoffe und 
mindern menschlichen Einfluss.
Das Hauptziel dieser Studie war die Untersuchung landbasierter Materialeinträge in die 
Küstengewässer der Provinz Guangxi und den nördlichen Beibu Golf im südlichen China, 
sowie die Abschätzung der Filterleistung von Mangrovenwäldern. Das Untersuchungsgebiet, 
fokussiert auf den Nanliu Fluss und die Lianzhou Bucht, bildet eine Umgebung, in der 
menschliche Einflüsse von Agrarkultur, Aquakultur und Stadtentwicklung weit verbreitet sind. 
Wie andernorts in niedrigen Breitengraden sind die Mangroven des Ästuars Entwaldung und 
Konvertierung zu Aquakulturteichen ausgesetzt. Das Gebiet eignet sich daher besonders für 
Studien von Land-Ozean Nährstofftransport in menschlich beeinflussten Küstengebieten.
Die Herangehensweise an dieses Forschungsziel bestand aus der Ermittlung von Quellen, 
Umsetzungsprozessen und Verbleib von Nährstoffen und organischem Material durch 
biogeochemische Feld- und Laborarbeit. Die Rolle der Mangroven wurde untersucht durch 
Feldmessungen, Inkubationsexperimente und Modellberechnungen. Während vier 
Kampagnen, die die saisonale Variabilität über zwei Jahre erfassten, wurden Proben von 
gelöstem und partikulärem Material sowie Umweltdaten aus Fluss, Ästuar und 
Küstengewässer, sowie aus Aquakulturteichen und Mangrovenausflüssen gewonnen. 
Zusätzlich wurden die Blätter von Mangroven und anderen Pflanzen beprobt sowie 
Sedimente als Oberflächenproben und vertikale Kerne gesammelt. Aus Sedimentkernen 
wurden Porenwasserprofile gewonnen. In Wasserproben wurden gelöste anorganische 
Nährstoffe sowie organischer Kohlenstoff (DOC) und Stickstoff (DON) gemessen. Alle 
Feststoffproben wurden auf ihren Kohlenstoff- und Stickstoffgehalt sowie deren stabile 
Isotopenverteilung (?13C beziehungsweise ?15N) hin analysiert, während an suspendierten 
Partikeln ebenfalls Chlorophyll a-Gehalt und Aminosäurezusammensetzung gemessen 
wurden. 
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Landnutzung im Einzugsgebiet des Nanliu Flusses, dominiert von Agrarkultur, verursacht 
hohe Konzentrationen besonders von Nitrat (NO3; bis zu 209 μM) und Phosphat (PO4; bis zu
3.7 μM). Die Nährstoffzusammensetzung im Fluss, mit niedrigeren Konzentrationen von 
Ammonium (NH4; bis zu 40 μM) und Silikat (Si; 25-94 μM), verweist auf hauptsächlich 
menschliche Quellen, was durch hohe ?15N Werte (bis zu 10.4‰) des suspendierten 
Materials bestätigt wird. Partikulärer Stickstoff und organischer Kohlenstoff werden 
vorwiegend von Phytoplankton im Fluss unter Nutzung der anthropogenen Nährstoffe 
gebildet. Ihre Zusammensetzung zeigt einen vernachlässigbaren Anteil an terrestrischem 
Material. Hohe Konzentrationen von gelösten und partikulären Nährstoffen wurden ebenfalls
in Aquakulturteichen gemessen, in denen gelöster Stickstoff von NH4 (bis zu 355 μM) und
DON (bis zu 151 μM) dominiert wird. Aufgrund dominanter Flusseinträge und einer 
ungewöhnlichen Teichbewirtschaftung, mit im Winter unterbrochener Zucht und seltenem 
Wasserwechsel, trägt die Aquakultur relativ niedrige Anteile zu jährlichen Nährstoffeinträgen 
in die Lianzhou Bucht bei. Tatsächlich ist aufgrund hoher flächenspezifischer Einträge aus 
dem kleinen Einzugsgebiet der Export des Nanliu Flusses überproportional hoch im 
Vergleich zu vielen größeren Flüssen. Inkubationsexperimente mit Sediment aus den 
Mangroven des Nanliu Ästuars wurden zur Berechnung der Nährstoffaufnahme genutzt und 
zeigen, dass einige der vom Land stammenden Nährstoffe mittels Denitrifizierung und 
Aufnahme durch Pflanzen aus dem Wasser entfernt werden können. Die von 
Mangrovenwald bewachsene Fläche ist dabei allerdings zu klein für eine signifikante 
Filtration der anthropogenen Nährstoffe, welche folglich nahezu unverändert die 
Küstengewässer erreichen.  Diese Nährstoffeinträge verstärken marine Primärproduktion 
und resultieren in einer Eutrophierung der Lianzhou Bucht, welche sich in hohen 
Chlorophyll a-Konzentrationen (bis zu 24 μg L-1) widerspiegelt. Dennoch bestehen keine 
Anzeichen für Sauerstoffverarmung. Dies rührt von einer Kombination biologischer und 
physikalischer Kontrollen her, die durch die Morphologie der Bucht begünstigt werden. Die 
hohe Primärproduktion wird durch weitverbreitete filtrierende benthische Bivalven kontrolliert, 
welche in großem Maßstab kommerziell genutzt werden und damit signifikant zum 
Nährstoffexport aus dem System beitragen. Starke makrotidale Strömungen, sowie Wind, 
sorgen für permanente vertikale Mischung der Wassersäule. Dies unterstützt den 
Sauerstofftansport von der Wasseroberfläche zu bodennahem Wasser und verhindert 
benthische anoxische Bedingungen, die zu „Todeszonen“ führen könnten. Außerdem 
beschleunigen Tidenströmungen den Transport aus der Lianzhou Bucht in den offenen 
Beibu Golf. Ein Vergleich mit zwei unterschiedlichen Küstensystemen, dem relativ
naturbelassenen Huangzhu Fluss und dem Shankou Mangrovenwald, zeigt, dass die 
exportierten gelösten und organischen Nährstoffe entlang der Küste Guangxis verteilt 
werden und den menschlichen Einfluss in entfernte Gebiete verbreiten.
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Diese Erkenntnisse zeigen, dass Landnutzung in Flusseinzugsgebieten derzeit der 
Hauptfaktor in der Eutrophierung der Küstengewässer des nördlichen Beibu Golfs sind. Da 
der Export von landstämmigen Nährstoffen entfernte Küstensysteme beeinflusst, stellt dies 
ein eher regionales als ein lokales Problem für den Schutz von Küstenökosystemen dar. 
Obwohl Aquakultur derzeit nicht die Hauptnährstoffquelle ist, verlangt sie besondere 
Aufmerksamkeit, da sie ein regional und global schnell wachsender Nahrungsmittelsektor ist 
und höherer flächenspezifischer Export als aus den Agrargebieten den menschlichen 
Einfluss verstärkt, wenn Aquakultur expandiert. Natürliche Faktoren sind nicht ausreichend 
um anthropogene Nährstoffeinträge ausreichend zu reduzieren, sodass verbessertes 
Nährstoffmanagement als einzige gangbare Option verbleibt, um durch den Menschen 
erhöhte marine Produktivität zu verhindern.
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1. INTRODUCTION
1.1 Land-use as a source of inorganic and organic nutrients
The term land-use describes the human utilization of terrestrial land areas (Meyer and Turner 
II, 1992). While land-use practices vary largely between locations, the common aim is to 
provide humankind with food and water, as well as goods and services from natural 
resources (Foley et al., 2005). The current magnitude and rate of land-use is unprecedented 
and frequently and increasingly has negative effects on the environment that sustains it 
(Foley et al., 2005; Meyer and Turner II, 1992). Though land-use practices have been 
documented for centuries, environmental responses are only recently investigated and not 
yet sufficiently delineated (Meyer and Turner II, 1992). Known consequences of land-use 
include soil and water degradation, habitat destruction and fragmentation, loss in biodiversity, 
and the decline in ecosystem services, including food production, freshwater and climate 
regulation (Canadell et al., 2007; Foley et al., 2005). Effects on climate increase the 
occurrence of extreme conditions such as floods and droughts (Raddatz, 2007). Most 
severely, human appropriation of land has caused the loss of 7 to 11 million km2 of forest, 
decreasing the natural forest extend by about 15% in the past 300 years, mainly through 
agricultural expansion and timber extraction (Foley et al., 2005; Meyer and Turner II, 1992).
Land-use and its negative consequences continue to increase because of increasing 
demands from a growing population (e.g. Pimentel and Kounang, 1998). The global 
population has increased by about 80% since 1970 (Galloway et al., 2008). Agricultural and 
industrial activities continue to increase especially in East Asia (Boyer et al., 2006), where 
the population in China alone has almost tripled from 550 million in 1950 to 1.36 billion in 
2010, and is expected to grow further (UN, Department of Economic and Social Affairs, 
Population Division, 2011). This will increase anthropogenic pressure on the biosphere 
(Foley et al., 2005).
In order to sustain this growing population, agriculture has become the most important and 
widespread type of land-use. From preindustrial times the global agricultural area had 
increased >450% to 12 x 106 km2 by 1980 (Meyer and Turner II, 1992). Since then the area 
of cultivated land, cropland and pastures, has expanded further to cover about 52 x 106 km2,
almost 40% of the land surface, and now rivals forest cover as the largest terrestrial biome
(Foley et al., 2005; Pimentel and Kounang, 1998; Raddatz, 2007). The ongoing expansion 
threatens forests and wetlands, particularly in lower latitudes (Meyer and Turner II, 1992),
and intensification has damaging effects on the environment (Galloway et al., 2008).
Intensive agriculture is fueled by the use of synthetic fertilizers, which has increased up to 
8-fold since the 1960s in both industrial and developing countries (Anderson et al., 2002; 
Foley et al., 2005; Galloway et al., 2008 and references therein). Nitrogen fertilizer 
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production, especially by the Haber-Bosch process, reached 187 million tons in 2005, and 
secures the nutrition of 2 billion people (Galloway et al., 2008). In China, total fertilizer use 
has increased from 4 to 24 million tons per year between 1970 and 1995 (Smil, 2001).
Especially in south and west China usage is bound to further increase as regional 
development is only now catching up with the boom of the eastern coastal regions. These 
anthropogenic inputs are now the dominant nutrient sources to the terrestrial biosphere and 
3-fold exceed natural inputs like biological nitrogen fixation and geophysical weathering of 
phosphorus and organic matter (Ahl, 1988; Boyer et al., 2006; Foley et al., 2005; Smith et al., 
2003; Viney et al., 2000). The contribution from anthropogenic inputs is particularly high in 
Asia (74%; Boyer et al., 2006). Only about half of these inputs are incorporated by target 
crops (Smil, 1999). The release of excess fertilizer is the largest source of nutrients to 
waterways (Anderson et al., 2002; Foley et al., 2005; Xu et al., 2002). Consequently, 
croplands export more nutrients than natural systems (Alvarez-Cobelas et al., 2008; Van 
Drecht et al., 2003).
The need for fertilizer usage is aggravated by the loss of inorganic and organic nutrients 
through high rates of soil erosion in agricultural fields (Conley et al., 2008; Pimentel and 
Kounang, 1998). Globally, agricultural areas suffers erosion rates that are severely (75 times)
higher than in natural systems, and lose 13 to 40 tons of soil per ha and year (Pimentel and 
Kounang, 1998). Erosion increases when crop remains are removed after harvest because 
rain and wind, the dominant drivers of erosion, directly reach the soil. In China, about 60% of 
crop residues are used for biofuel and commercial products (Fan et al., 2007; Li et al., 2001; 
Pimentel and Kounang, 1998; Zhu et al., 2007). Agriculture thus constitutes a strong 
potential source for mineral and organic particles transported in waterways (e.g. Conley, 
2002; Meyer and Turner II, 1992). Particle transport is further enhanced through the erosion 
of river banks, especially when animal husbandry is practiced in or around the stream 
(Pimentel and Kounang, 1998).  
Riverine nutrient transport directly relates to the degree of human intervention in the 
catchment (see e.g. Alvarez-Cobelas et al., 2008; Anderson et al., 2002; Boyer et al., 2006).
The relationship between human forcing factors and nutrient export rates may be low in 
globalized models, but seem well established in more local studies (Alvarez-Cobelas et al., 
2008). For instance, areas with high agriculture extend and intensity, and high population 
density, including China, show highest terrestrial export of nitrogen and phosphorus with a 
large fraction from anthropogenic inputs (Harrison et al., 2005; Seitzinger et al., 2002a).
Projected increases in population, agriculture, fertilizer use, and industry suggest that China 
will continue to play a dominant role in terrestrial nutrient exports (Boyer et al., 2006; 
Seitzinger et al., 2002a).
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1.2 Human influence on coastal nutrient dynamics
Marine coastal areas provide a variety of natural and societal services, including living 
resources, extractable energy, habitat, biodiversity, coastline protection, transport, and 
infrastructure. More than half the global population lives within 60 km of the coast, and over 
90% of the worldwide fisheries depend directly or indirectly on coastal waters (see Smith, 
2003). About 1 billion people, mostly in developing countries, depend on coastal marine 
production for their protein diet (Creel, 2003). Maintaining the health of coastal waters is 
critical to ensure the stability of these services (Creel, 2003; Smith, 2003). However, there is 
compelling evidence that land based human activities have damaging effects on coastal 
environmental (and human) health, particularly through the alteration of nutrient 
biogeochemistry (see Boyer et al., 2006; Foley et al., 2005; Galloway et al., 2008).
One of the biggest threats to coastal ecosystem health is eutrophication (e.g. McGlathery et 
al., 2007). Originally describing naturally increasing productivity in aging lakes (see Anderson 
et al., 2002), eutrophication also refers to enhanced organic matter production in coastal 
aquatic systems in response to anthropogenic nutrient inputs (Anderson et al., 2002; Cloern, 
2001; de Jonge et al., 2002; Nixon, 1995; Smith et al., 2003). High nutrient and chlorophyll a 
concentrations and reduced water clarity are typical first signs for eutrophication (Paerl et al., 
2003; Smith et al., 2003).
Enhanced coastal phytoplankton productivity and biomass are a globally observed
phenomenon (e.g. Anderson et al., 2002; Boyer et al., 2006; de Jonge et al., 2002), and are 
rapidly increasing in developing countries like China (Liu et al., 2013; Zhang, 1994). While 
increased plankton biomass can fuel secondary production, it often has negative effects on 
the aquatic environment. In extreme cases plankton blooms harm coastal organisms (and 
more rarely humans) through toxins or the sheer quantity of their biomass that can clog fish 
and shellfish gill and affect benthic organisms through shading and smothering (Anderson et 
al., 2002; Heisler et al., 2008; Lu and Hodgkiss, 2004; Selman et al., 2008). More frequently,
the decay of high phytoplankton organic matter enhances rates of microbial respiration and 
leads to hypoxic or anoxic conditions (e.g. Diaz and Rosenberg, 2008; Smith et al., 2003).
Depleted oxygen availability compels mobile fauna to escape and causes morbidity or 
mortality of immobile organisms (Diaz and Rosenberg, 2008; Rabalais and Turner, 2001).
Common consequences of eutrophication are reduced species diversity and abundance, 
expansion of “dead zones”, and loss of fisheries and recreational areas (Anderson et al., 
2002; Diaz and Rosenberg, 2008; Lu and Hodgkiss, 2004; Selman et al., 2008; Smith et al., 
2003; Viney et al., 2000).
Marine primary production is mostly limited by nitrogen (Howarth et al., 2011; Howarth and 
Marino, 2006), while estuarine and near-shore production may be co-limited by nitrogen and 
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phosphorus (Anderson et al., 2002). Hence increases in both nitrogen and phosphorus 
availability are the primary causes of coastal eutrophication (Viney et al., 2000). This 
includes dissolved inorganic and organic as well as particulate forms (Anderson et al., 2002; 
Seitzinger et al., 2002a, 2002b). Nitrogen delivery to coastal waters is directly positively 
related to human nitrogen input (Howarth et al., 1996). River runoff constitutes the main 
connection between terrestrial and marine systems (see e.g. Cole et al., 2007) and 
contributes 80% of marine pollution (Creel, 2003). Anthropogenic nutrient inputs are 
consequently the most prominent source of new nitrogen in coastal waters (e.g. Anderson et 
al., 2002; de Jonge et al., 2002; Liu et al., 2013). Due to land-use development the global 
export of phosphorus and nitrogen, especially in dissolved inorganic form, to the coastal 
ocean has increased 8-fold and more during the past half century (Anderson et al., 2002 and 
references therein). Estimates of modern global riverine nitrogen delivery agree fairly well 
and range between 40 and 66 million tons total nitrogen per year (Tg N yr-1), with 19 to 25 Tg 
N yr-1 in dissolved inorganic, 10 to 11 Tg N yr-1 in dissolved organic, and 23 to 30 Tg N yr-1 in 
particulate form (Boyer et al., 2006 and references therein; Harrison et al., 2005). With an 
estimated 16.7 Tg N yr-1 Asian rivers contribute most importantly to worldwide fluxes (Beusen 
et al., 2005; Boyer et al., 2006). Phosphorus fluxes are considerably less often estimated but 
are in the order of 1.4 to 2.3 Tg P yr-1 dissolved inorganic and 0.6 Tg P yr-1 in dissolved 
organic phosphorus (Seitzinger et al., 2010; Smith et al., 2003). Uncertainties in estimates of 
particulate phosphorus fluxes result in a range between 6.6 and 20 Tg P yr-1 (Beusen et al., 
2005; Meybeck, 1982; Seitzinger et al., 2010). Nevertheless there is consensus that south 
Asian rivers export approximately 45% of global particulate phosphorus fluxes (Beusen et al., 
2005). While in some developed regions nutrient export may remain at already high levels 
estimated for 2000, especially for east and south Asia it is predicted to further increase in the 
coming three decades (Seitzinger et al., 2010).
These river based estimates of nutrient fluxes to coastal waters generally ignore further 
direct inputs from coastal sources. A locally important source in many coastal areas is the 
growing aquaculture industry (Anderson et al., 2002; Robertson and Phillips, 1995). Land-
based brackish-water shrimp culture has experienced extraordinary expansion in the mid and 
late 19th century (FAO, 2012) due to increasing product demand and reduced wild stocks 
(Neiland et al., 2001). High fertilizer use but low conversion efficiency in intensive production 
adds to nutrients concentrations in surrounding waters receiving pond effluents (Boyd, 2003; 
Herbeck et al., 2012). Feed remains and plankton produced in ponds are a source of 
particulate organic matter (Robertson and Phillips, 1995). Compared to riverine loads, 
coastal aquaculture is a small nutrient source on the global level, but it can contribute 
important inputs locally (David et al., 2009; Herbeck et al., 2012). It may be particularly 
important in developing countries (Páez-Osuna, 2001), including China which now has the 
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highest expansion and production rates worldwide (Biao and Kaijin, 2007; FAO, 2012).
Nutrient-rich aquaculture effluents have been linked to eutrophication with increased 
production of planktonic and epiphytic algae (Anderson et al., 2002; Herbeck et al., 2012),
and potentially cause irreversible damage to local fisheries (Creel, 2003). The impact is 
bound to increase as aquaculture is the fastest growing food production sector globally 
(Creel, 2003).
Additional nutrient input is derived from coastal urban centers. Domestic and industrial 
effluents as well as surface runoff increase near-shore nutrient concentrations (Bellos et al., 
2004; Daniel et al., 2002; Guo et al., 2010; Seitzinger et al., 2002b; Van Drecht et al., 2009)
and contribute to local eutrophication (Anderson et al., 2002). In China, a population density 
of >800 ind. km-2 in coastal areas has an unprecedented impact on coastal systems (Creel, 
2003; Liu et al., 2013). Especially in this region anthropogenic impact can be expected to 
further increase due to coastal urbanization and population growth (Creel, 2003; Montgomery, 
2008). This will also increase coastal ecosystem deterioration (Creel, 2003).
Land-use change on regional (river watersheds) and local (aquaculture and urban 
development) scale not only increases the magnitude of nutrient inputs but also induces 
changes in the composition of nutrient inputs. While agriculture enhances nitrogen inputs
(Billen et al., 2007; Wang, 2006), retention in dammed reservoirs especially reduced 
concentrations of silicate (Humborg et al., 2002; Ma et al., 2011; Volk et al., 2012). Urban 
sewage contains relatively high concentrations of phosphorus (Bellos et al., 2004), though 
sewage treatment, if available, often removes relatively more phosphorus than nitrogen 
(Hamada et al., 2012; Volk et al., 2012). Other than in agriculture, dissolved nitrogen inputs 
from aquaculture are not dominated by nitrate but by ammonium and organic nitrogen (e.g. 
Herbeck et al., 2012). Changes in nutrient composition, especially the ratios of phosphorus 
and silicate to nitrogen, may induce phytoplankton community shifts that have negative 
effects on ecosystem health (Anderson et al., 2002; Li et al., 2007; Liu et al., 2013; Turner et 
al., 1998). Increasing phosphorus and decreasing silicate relative to nitrogen availability can 
favor the growth of species forming harmful algal blooms and have been connected to 
eutrophication (Conley et al., 1993; Hodgkiss and Ho, 1997; Li et al., 2007).
1.3 Estuarine filters of anthropogenic nutrients
Land-derived dissolved and particulate nutrient loads can be substantially reduced during 
riverine transport. In-stream processes like uptake, denitrification and volatilization as well as 
precipitation and deposition can decrease nutrient concentrations along the river course 
(Meybeck and Vörösmarty, 2005; Viney et al., 2000). Wetlands, lakes, floodplains, and 
estuaries are natural nutrient filters, while irrigated fields and reservoirs constitute 
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anthropogenic filters (Alvarez-Cobelas et al., 2008; Hopkinson et al., 1998; Meybeck and 
Vörösmarty, 2005).
Estuaries reduce riverine nutrient loads before delivery to coastal waters due to their physical 
and biological attributes (Anderson et al., 2002; Cloern, 2001; Meybeck and Vörösmarty, 
2005). The estuarine filter function is highly dependent on geomorphological and 
hydrodynamic factors that control the residence time in the estuary (Anderson et al., 2002; 
Cloern, 2001; Meybeck and Vörösmarty, 2005). For instance, high tidal energy in macrotidal 
estuaries reduces the response of primary production to enhanced nutrient inputs (Cloern, 
2001), and facilitates the export of large quantities of the riverine nutrient loads to offshore 
waters (Anderson et al., 2002; Nowicki and Oviatt, 1990; Pinckney et al., 2001), protecting 
proximate coastal water bodies from eutrophication (Josefson and Rasmussen, 2000).
Microbially mediated biochemical processes, including denitrification, remove nutrients from 
the estuary (Pinckney et al., 2001). Dissolved nutrients can be removed through a particulate 
phase by bacterial and algal production, or geochemical processes of adsorption and 
complexation, and subsequent sedimentation and burial, as well as sedimentary
denitrification (Lampe, 1999; Morris et al., 1981; Nowicki and Oviatt, 1990; Pinckney et al., 
2001; Sharp et al., 1984). Furthermore, anthropogenically enhanced primary production can 
be controlled by herbivorous consumers (Benndorf, 1990; Carpenter et al., 1995). In a wide 
range of estuarine conditions filter feeding bivalves can effectively control phytoplankton
biomass and organic matter concentrations (Cloern, 2001; Dame et al., 1991; Nakamura and 
Kerciku, 2000; Officer et al., 1982), thus removing human enhanced nutrient loads (Josefson 
and Rasmussen, 2000). This filter may dynamically adjust to changing eutrophication 
intensity, as mussel biomass and community grazing increases with increasing plankton 
abundance (Cloern, 2001).
Estuarine and coastal wetlands are strong filters for both dissolved and particulate nutrients 
and can protect adjacent coastal aquatic ecosystems from eutrophication (Adame et al., 
2010; Valiela and Cole, 2002; Wang et al., 2010). Mangroves have been shown to remove 
nutrients from different anthropogenic sources through plant uptake as well as geochemical
(e.g. adsorption) and biochemical (e.g. microbial biomass sequestration, respiration and 
denitrification) processes in sediments (Corredor and Morell, 1994; Rivera-Monroy et al., 
1999; Robertson and Phillips, 1995; Tam and Wong, 1993; Wu et al., 2008a, 2008b and 
references therein; Ye et al., 2001). Globally, enormous areas of wetlands are lost through 
land-use conversion, a phenomenon now most strongly occurring in developing countries
(Meybeck and Vörösmarty, 2005; Meyer and Turner II, 1992). Mangrove loss is correlated 
with coastal development (Creel, 2003) and one of the primary causes is the expansion of 
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brackish water shrimp culture (Alongi, 2002; Robertson and Phillips, 1995). This poses a 
two-sided problem, as an effective nutrient filter is replaced by a strong nutrient source. 
1.4 Rationale and objectives
The successful protection of coastal ecological and economic systems and the management 
of anthropogenic influences requires an understanding of nutrient sources to and conversion 
processes in estuarine and coastal waters (Boyer et al., 2006). On a local scale, especially 
where watersheds are small, this implies a comparison of agriculture dominated hinterland 
and brackish water aquaculture impacts. The input of nutrients to coastal waters is influenced 
by factors such as geomorphology, hydrology, meteorology, and management practices, all 
of which vary between systems (de Jonge et al., 2002; Meybeck and Vörösmarty, 2005).
Whether or not anthropogenic nutrient inputs lead to coastal eutrophication depends on a 
number of conditions, including their residence time in coastal waters. Likewise, the kind and 
degree of coastal ecosystem response to eutrophication varies between different systems
(Cloern, 2001).
The role of wetlands as filters is thus far impossible to generalize. In the tropics and 
subtropics, mangrove forests can serve as matter sinks or sources (Robertson and Phillips, 
1995). These terms vary between observed constituents and in time and space. The overall 
filter function depends on a host of ecosystem components (e.g. plant uptake, sediment 
processes, inundation frequency and duration, steepness and zonation of the forest) and its 
effectiveness varies largely between different systems (Valiela and Cole, 2002).
In temperate regions and in large rivers seasonal alternations in climate and land-use may 
be responsible for changing nutrient fluxes and dynamics. In small rivers though, event-
based short-term variability may be more important (Caffrey et al., 2007; Caraco and Cole, 
2001; Chen and Hong, 2011; Herbeck et al., 2011; Tay et al., 2012). Little is known about 
small subtropical rivers that experience clear seasonal cycles in temperature and 
precipitation but are additionally affected by severe short term events such as typhoons.
The high spatio-temporal variability emphasizes the need for local-scale studies, which yield 
more useful results for environmental management than do global analyses (Alvarez-
Cobelas et al., 2008; Boyer et al., 2006). A solid scientific background is a common key 
feature of successful local and regional integrated coastal management efforts (Creel, 2003).
Local studies provide a better understanding of the processes underlying observed 
phenomena and variability (e.g. Jennerjahn et al., 2008). Results from such studies are also 
needed to improve estimates of global models (Boyer et al., 2006; Meybeck and Vörösmarty, 
2005). Previous studies have largely focused on temperate regions, particularly in Europe 
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and North America (Caraco et al., 2003; Seitzinger et al., 2010), despite the high importance 
of developing countries in lower latitudes for particulate and dissolved inputs to coastal 
waters (Galloway et al., 2008; Jennerjahn et al., 2008; Seitzinger et al., 2002a).
The general aim of this study was to investigate dissolved and particulate matter dynamics in 
strongly and increasingly human impacted coastal systems. In light of the spatial knowledge 
gab, it focuses on small subtropical systems, with the links between Nanliu River and 
Lianzhou Bay in southern China as main study objectives. Within these general objectives, 
several more specific research questions were addressed:
Objective 1: Investigate anthropogenic impacts on dissolved and particulate nutrient 
delivery from land to ocean and its consequences.
Questions:
- Which are the most important sources of dissolved and particulate nutrients? Especially, is 
the growing aquaculture an important source?
- Does nutrient delivery from land-based anthropogenic sources cause eutrophication in 
coastal waters? 
- Which factors cause temporal variability in dissolved and particulate nutrient concentrations?
Objective 2: Investigate the influence of physical and biogeochemical processes in the 
macrotidal estuary on nutrient transformations.
Questions:
- What are the major transformation pathways of dissolved and particulate nutrients in the 
estuary?
- Can these processes reduce nutrient loads and alleviate eutrophication? Especially, are 
local mangroves filters for anthropogenic nutrients?
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1.5 Study site
The study was mainly carried out in the Nanliu River, its estuary, and the adjacent Lianzhou 
Bay. For comparison smaller datasets were acquired from two additional systems, the 
estuary of the Huangzhu River and the Shankou Mangrove, along the coast of Guangxi 
Province in southern China. Land-use in Guangxi is dominantly agricultural (nanning.gov.cn, 
2010). The province is China’s largest producer of sugarcane (Lagos et al., 2011).
Deforestation continues, increasingly to provide space for a growing eucalyptus silviculture
(Chen, 1997). The main vector for terrestrial material to the Beibu Gulf, the north-western 
part of the South China Sea, is the Nanliu River, with a length of 287 km and a catchment of 
9704 km2 (Dai et al., 2011). The province has a coastline of 1164 km, which is intensively 
influenced by human alteration (nanning.gov.cn, 2010). Near-shore land-use is changing
from agriculture and forest to aquaculture and urban development, including harbor 
infrastructure and industry. This has led to decline of coastal mangrove areas of more than 
50% from >12,246 ha in the 1980s to 5654 ha in the 1990s (Li and Lee, 1997). Tidal regime 
along the coast is macrotidal (Committee of Annals of Chinese Estuaries, 1998), and 
facilitates hydrological exchange between near-shore waters and the Beibu Gulf (Sun et al., 
in press). Subtropical East Asian monsoon dominates the coastal climate with warm wet 
summers and cool dry winters (Wu et al., 2008). Between May and November tropical 
cyclones occur up to 5 times annually and can contribute >80% of the annual precipitation 
(Committee of Annals of Chinese Estuaries, 1998, p. 65).
In the Nanliu estuary, aquaculture has expanded from 115 ha in 1987 to 6,500 ha in 2009
(Committee of Annals of Chinese Estuaries, 1998; Beihai Fisheries Bureau, Zhou, personal 
communication), largely occupying former rice fields. Seaward aquaculture expansion 
caused mangrove area decrease from 1790 to 515 ha between the 1990s and 2011, causing 
a 71% loss in mangrove areal coverage (Li and Lee, 1997; Chapter 3). In the outer estuary of 
the Nanliu River, mariculture of oysters and clams has increased from 150 to 1826 ha and 33 
to 3594 ha, respectively, between 1987 and 2009 (Committee of Annals of Chinese 
Estuaries, 1998; Beihai Fishery Bureau, pers. comm.). About 50% of the upriver delta is used 
for agriculture and chicken and fowl farming is widespread. Development in Lianzhou Bay 
focuses strongly on expansion of harbor and tourism industry (Chen, 1997). These diverse 
human influences are believed to have caused eutrophication and environmental 
degradation in Lianzhou Bay (Committee of Annals of Chinese Estuaries, 1998).
Huangzhu River and estuary, and Shankou Mangrove are two little impacted sites to the 
west and east of Lianzhou Bay, respectively. The hilly terrain of the small Huangzhu 
catchment is unsuitable for agri- and aquaculture and has thus far prevented large 
anthropogenic inputs to the river. Shankou mangrove receives little land-derived influence 
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due to steep surrounding hills and a lack of river influence. Both systems are in tidal 
exchange with the Beibu Gulf. However, while Shankou mangroves are situated in a small 
but wide open bay, Huangzhu River debouches into semi-enclosed Pearl Bay, approximately 
half the size of Lianzhou Bay (Chapter 2).
The multiple land-use factors suggest high nutrient pollution of the Nanliu/Lianzhou system, 
making it a prime example for a study of human impact on small subtropical coastal systems. 
In addition, data from Huangzhu and Shankou systems provide a comparison with less 
affected areas and an indication to connectivity among coastal systems. The study areas are 
further described in the individual chapters of this thesis.
INTRODUCTION
11 
 
INTRODUCTION
12
 
13 
 
CHAPTER 1 
Natural and human influences on nutrient transport 
through a small subtropical Chinese estuary
David Kaiser, Daniela Unger, Guanglong Qiu, Haolang Zhou, Huayang Gan
Published in Science of the Total Environment
April 2013
14 
 
Chapter 1
15 
 
Natural and human influences on nutrient transport 
through a small subtropical Chinese estuary
David Kaiser a,1, Daniela Unger a,e, Guanglong Qiu b,d, Haolang Zhou b, Huayang Gan c
a Leibniz Center for Tropical Marine Ecology, Wetland Dynamics Group, Biogeochemistry & 
Geology Department, D-28359 Bremen, Fahrenheitstr. 6-8, Germany; david.kaiser@zmt-
bremen.de, daniela.unger@desy.de
b Guangxi Mangrove Research Center, Guangxi Marine Environment & Coastal Wetland 
Research Center, Beihai 536000, 92 Chang Qing Dong Lu, Guangxi, China; 
qalong@163.com, zhouhaolang@sina.com
c Institute of Marine Environmental & Engineering Geology, Guangzhou Marine Geological 
Survey, Guangzhou 520760, 188 Guanghai Rd, Guangdong, China; ghuayang@126.com
d State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-
environmental Sciences, Chinese Academy of Sciences, Beijing 100085,18 Shuangqing Lu, 
Haidian District, China
e present address: Deutsches Elektronen-Synchrotron DESY, Notkestraße 85, 22607 
Hamburg, Germany
1 Corresponding author: david.kaiser@zmt-bremen.de, tel 0049-421-2380073, fax 0049-421-
2380030; permanent email address: kaiser@uni-bremen.de
Abstract
Global understanding of land-ocean nutrient fluxes increasingly recognizes the 
disproportionate importance of small rivers. We studied nutrient fluxes from a small 
catchment in fast developing southern China to uncover effects of land-use. Water was 
sampled in the macro-tidal estuary of Nanliu River and adjacent Lianzhou Bay in spring and 
summer to investigate spatial and temporal variations of dissolved nutrients.
High riverine concentrations of nitrate (NO3; up to 220 μM) and phosphate (PO4; up to 3.7 μM) 
mainly originated from agricultural fertilizer input. Riverine dissolved silica (Si; up to 47 μM) 
increased in the oligosaline part of the estuary through human disturbance of bottom 
sediments. Dissolved organic nitrogen (DON; up to 194 μM) and ammonium (NH4; up to
40 μM) concentrations increased within the estuary due to inputs from livestock and mussel 
beds, respectively. Aquaculture ponds contained high concentrations of NH4 (up to 355 μM) 
and DON (up to 151 μM) but are not an important source to the estuary due to rare 
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wastewater discharge and low absolute nutrient amounts relative to river export. Nutrient 
concentrations in Lianzhou Bay were low because tidal currents disperse land-derived 
nutrients offshore into the adjacent Beibu Gulf. A high proportion of regenerated nitrogen in 
the bay suggests that primary production is sustained by rapid in situ nutrient cycling 
between primary producers and benthic consumers. High nutrient export makes the Nanliu 
River an important nutrient source for the north-western South China Sea, despite its 
proportionately small size. 
Macro-tide induced short-term concentration changes exceed variability on seasonal and 
sub-seasonal scales. All nutrients vary inter-annually and between seasons, depending on 
precipitation-driven river runoff. Total nutrient export to Beibu Gulf coastal waters is stronger 
during the high discharge period in summer and autumn. In recent years changing nitrogen 
to phosphorus ratios have alleviated phosphorus limitation in Lianzhou Bay, permitting 
increased primary productivity. 
Keywords
Macro-tides; anthropogenic impact; long-term trend; flushing; nutrient pollution; river export; 
temporal variability
Research Highlights
- small catchments supply high proportion of nutrients to north western South China Sea
- hinterland and offshore sources, not  intensive aquaculture, dominate nitrogen input 
- marco-tides reduce near-shore eutrophication by dispersing human nutrient inputs
- long-term changes in nutrient delivery increased coastal productivity
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1. Introduction
Global anthropogenic development has dramatically increased nutrient loads to rivers 
(Caraco and Cole, 2001; Green et al., 2004; Seitzinger et al., 2005) with inorganic fertilizer 
being the most important source of inorganic nutrients (Seitzinger et al., 2005). Rivers 
integrate terrestrial signals along the watersheds and transfer them to estuaries (e.g. Green 
et al., 2006), the principal gateways from land to ocean (e.g. Abril et al., 2002). Estuaries 
influence the delivery of terrestrially derived nutrients to coastal water through physical, 
chemical, and biological processes (Cai et al., 2012; Flindt et al., 1999; Hartzell and Jordan, 
2012; Kaul and Froelich Jr, 1984; Officer and Lynch, 1981). This influence varies on time 
scales of decades (land-use change, Li et al., 2013), seasons (precipitation and temperature 
changes, Wen et al., 2008), sub-season (extreme events, Caffrey et al., 2007; Herbeck et al., 
2011), and days (tidal variation, Tay et al., 2012). Consequently, estuaries are important 
factors in nutrient management and deserve particular scientific attention (Conley, 2000).
Coastal wetlands exert a complex influence on estuarine nutrient transport (Sánchez-Carrillo 
et al., 2009; Valiela and Cole, 2002). In the tropics and subtropics mangroves may act as 
filters for river-derived nutrient pollution (Rivera-Monroy et al., 1999; Robertson and Phillips, 
1995; Tam and Wong, 1995; Wong et al., 1997; Wösten et al., 2003), or a source of nutrients 
through outwelling (Dittmar and Lara, 2001; Hemminga et al., 1994; Kristensen et al., 2008; 
Lee, 1995; Wattayakorn et al., 1990). Around the globe, these services decline due to an 
alarming loss of mangrove ecosystems (Alongi, 2002; Robertson and Alongi, 1992; Valiela 
and Cole, 2002) which is often related to the conversion to aquaculture facilities (Wolanski et 
al., 2000). In China, the province with the largest mangrove areas, Guangdong, suffered a 
63% areal mangrove loss between the 1950s and 90s, while in neighboring Guangxi 
province mangrove area decreased from >12,246 ha to 5,654 ha within a decade between 
the early 1980s in the early 1990s (Li and Lee, 1997). China is now the fastest growing 
producer of brackish water cultured shrimp, releasing billions of tons of untreated waste 
water (Biao and Kaijin, 2007) adding to the eutrophication caused by anthropogenically 
altered river nutrient export (Biao et al., 2004; Herbeck et al., 2012).
Due to different impacts on nitrogen, phosphorus, and silicon loads, human activities may 
induce shifts from nitrogen to phosphorus or silicon limitation and trigger community shifts in 
phytoplankton (Conley et al., 1993; Humborg et al., 2002; Justic et al., 1995; Turner et al., 
2003, 1998) eventually leading to hypoxia, loss of biodiversity, and increased occurrence of 
harmful algal blooms (Cloern, 2001). In China these phenomena have been linked to 
increased nitrogen and phosphorus levels (Qi et al., 1995), and dominance of non-diatom 
phytoplankton (Hodgkiss and Ho, 1997; Li et al., 2007).
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Many estuarine studies have focused on large systems with long residence times, neglecting 
small, well-flushed estuaries (Caffrey et al., 2007; Tay et al., 2012). One such system is the 
estuary of the Nanliu River in Guangxi Province, southern China. Located in fast developing 
coastal China (Xiong et al., 2008), it is subject to a host of globally relevant anthropogenic 
impacts, which bear the potential of causing eutrophication by increasing dissolved inorganic 
nutrients in the river (Committee of Annals of Chinese Estuaries, 1998). Moreover, the 
coastal waters of the Beibu Gulf are an economically important and developing part of the 
South China Sea, and support important wild fisheries (Yu and Mu, 2006). The ecological 
importance has been acknowledged by the establishment of RAMSAR sites and national-
level protected areas of seagrass and mangroves in the region.
2. Material and Methods
2.1 Study Site
Despite being the largest river in Guangxi, with its length of 287 km and a catchment area of 
9704 km² (Dai et al., 2011) the Nanliu is a small river as compared to most other well-studied 
rivers in China and worldwide. Annual average discharge is 5.313 x 109 m3 at 168.3 m3s-1
(Chen, 1997; Chen et al., 2007). The estuary is divided into three major branches 
debouching into Lianzhou Bay and the adjacent Gulf of Beibu, the north-western part of the 
South China Sea (Fig. 1). Mostly diurnal macro-tides have a tidal range of up to 5.36 m
(Committee of Annals of Chinese Estuaries, 1998) and tidal excursion reaches at least 62 km 
upstream (Dai et al., 2011). Mangroves form islands within the estuary and fringe the river 
banks up to 7 km upstream. These forests are dominated by dwarf Aegiceras corniculatum
intermixed with patches of Kandelia candel. Lianzhou Bay has an area of 237 km², 70% of 
which are shallow subtidal sandbanks (Jiang et al., 2008).
The study region is influenced by the East Asian monsoon with a dry boreal winter-spring 
season and a wet boreal summer-autumn season (Wu et al., 2008). Daily average air 
temperatures range from 3.7 to 29.3°C in early spring (Feb.-Apr.) and 13.2 to 33.2°C in late 
summer (Aug.-Oct.). Monthly average precipitation is 49-81 mm and 82-385 mm, 
respectively (Fig. 2). Typhoons occur between May and November. During this study, the 
tropical storm Nesat caused extreme precipitation of 125 mm as it passed the coast of 
Guangxi on 1 October 2011.
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Fig. 1: Map of the Nanliu River Estuary and Lianzhou Bay, showing the distribution of aquaculture (AQ) ponds, 
estuarine mangrove forest, and shallow subtidal sand flats. The river, estuary, and bay zones of the study area 
according to definitions given in Section 3.2 of the text are indicated. Western (NLW), mid (NLM), and eastern 
(NLE) river branches are indicated. Tidal sampling stations are indicated by concentric dots. Inlet map on the 
upper left shows the area's location in Guangxi Province of southern China.
Economic activities in the catchment area are dominated by agriculture. The main crops are 
rice and sugarcane, Guangxi being the largest producer of sugarcane in China (Lagos et al.,
2011). Timber production from eucalyptus is a rapidly growing sector of agriculture (Bai and 
Gan, 1996). Pond aquaculture occupies the landward part of the estuary, with pond area 
exceeding 6,500 ha (Zhou Haolang, pers. comm.). Ponds are in fallow during the winter 
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season and discharge of pond water is restricted to the two short harvest periods in summer 
and autumn. This management differs from that in other regions of China (Biao and Kaijin, 
2007; Herbeck et al., 2012) and South East Asia (Funge-Smith and Briggs, 1998), where 
cultivation is not interrupted in winter and water is repeatedly exchanged throughout the 
production cycle. Sand mining, dredging, and harvest of benthic infauna as well as 
husbandry of fowl and cattle are practiced along the river. Large mussel and oyster beds are 
situated in the shallow bay area off the river mouths (Fig. 1) from where over 70,000t of 
clams and over 60,000 t of oysters were harvested in 2009 (Beihai Fishery Bureau; Zhou, 
pers. comm.). Additionally, municipal and industrial sewage are released from the coastal 
city of Beihai and its harbor. 
Fig. 2: Environmental conditions during the sampling periods of 2010 and 2011. The solid black line represents 
daily rainfall, the dotted black line represents daily mean temperatures. The gray area represents long term 
(1954–2011) mean monthly rainfall amount (Data source: Climate.usurf.usu.edu, Beihai meteorological station, 
1954–2011). Dashed lines represent sampling periods
2.2 Sampling
Field work was carried out during early spring (Feb.-Apr.) and late summer (Aug.-Oct.) 
seasons of 2010 and 2011 (Fig.  2). Water was sampled during high tide at 5 to 10 stations 
along the salinity gradients of the western (NLW), middle (NLM), and eastern (NLE) branch 
of the Nanliu River. Ten stations were sampled in Lianzhou Bay. No samples could be 
obtained from the bay in spring 2010 due to logistical problems. At each station, one surface 
water sample was collected; bottom water was obtained using a Van Dorn water sampler if 
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water was deeper than 1 m. In spring and summer 2011, sampling was carried out hourly 
over complete tidal cycles of 24 h during diurnal spring and semi-diurnal neap tides. The two 
tidal stations were set up in a mangrove fringed channel of the western river mouth and at 
the boundary between shallow and deep areas of the bay (Fig. 1). Additional samples were 
taken from mangrove channels during low tides as water flowed out of the forest as well as 
from several shrimp ponds, covering different stages of the production cycle. During the wet 
summer seasons rain samples were collected to assess the influence of wet atmospheric 
deposition.
All water samples were analyzed for temperature, salinity, and pH using a Hach-Lange 
HQ40D multisensor. Dissolved oxygen was measured directly in the surface waters using a 
Hach-Lange LDO101 optode. Water depth was measured using a handheld echo sounder 
(Echotest II). Water transparency was measured with a common Secchi disk. Water samples 
were immediately filtered through mixed ester cellulose filters (nominal pore size of 0.45 μM)
attached to sample-rinsed syringes. For analysis of inorganic nutrients samples were filtered 
into sample-rinsed 30 mL HDPE bottles and poisoned immediately with mercury chloride.
Samples for analysis of total dissolved nitrogen (TDN) were filtered into pre-combusted (4 h
at 450°C), sample-rinsed 20 mL glass vials with PE caps fitted with a PTFE septum and were 
acidified with phosphoric acid to pH < 2. All samples were stored in the dark on ice during 
field excursions and frozen in the laboratory until analysis at the Leibniz Center for Tropical 
Marine Ecology (ZMT), Bremen, Germany, within 10 weeks. In this study we also report data 
from Lianzhou Bay obtained during a cruise by the Guangzhou Marine Geological Survey 
(GMGS) in March 2009.
2.3 Sample analysis
Dissolved inorganic nutrients were determined on a Skalar (Sun System) autoanalyzer. 
Measurements were done spectrophotometrically for nitrate (NO3), nitrite (NO2), phosphate 
(PO4), and silicate (Si) following Grasshoff et al. (1983), while ammonium (NH4) was 
determined fluorometrically following Kérouel and Aminot (1997). Seawater certified 
reference material for nutrients (MOOS2 from NRC-CNRC) was used for quality control and 
WOCE guidelines (Suggested Protocol for Continuous Flow Automated Analysis of Seawater 
Nutrients, 1995) were observed. Reduction efficiency of the cadmium column for NO2+NO3
analysis was calculated at >95% using standard material. The relative standard deviation of 
each method is <3.3%. The standard deviation of replicates is <2%. Detection and 
determination limits, respectively, were in μM: NO2+NO3: 0.025 and 0.075, NO2: 0.012 and 
0.035, NH4: 0.017 and 0.051, PO4: 0.020 and 0.059, Si: 0.056 and 0.168. Total dissolved 
nitrogen (TDN) was analyzed by chemoluminescence following platinum catalyzed 
combustion at 720°C in a Shimadzu TOC-VCPH equipped with a TNM-1 unit. Five-fold 
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sample analysis was performed to ensure accuracy. Dissolved organic nitrogen (DON) was 
calculated as the difference of TDN and dissolved inorganic nitrogen (DIN: NO3+NO2+NH4). 
Due to apparent PO4-contamination, PO4 concentrations for 2011 were determined on 
additional hydrochloric acid treated samples using ICP-OES in the laboratories of the Leibniz 
Institute for Baltic Sea Research Warnemünde, Germany (see Kaiser et al., submitted a). 
Samples obtained from Lianzhou Bay in March 2009 were analyzed according to the national 
standard of China (GB 17378.4-2007, in Chinese). In brief, NO3+NO2 and PO4 were 
measured spectrophotometrically by the N-(1-naphthyl)-ethylenediamine and 
phosphomolybdenum blue methods, respectively. The hypobomite oxidation method was 
employed to indirectly determine NH4.
Data was statistically analyzed using the SigmaPlot12 software package. Linear regression 
analysis was used to evaluate correlations of nutrients with salinity. To compare seasons 
within a segment of the study site or segments within a season we performed one-way 
ANOVA. Locations of significant differences between tested groups were identified using 
Student-Newman-Keul’s method. Direct comparison of differences between river and bay for 
the entire study period was performed by Student’s t-test. If assumptions for parametric tests 
were violated, data was root or log transformed. Rain was not statistically compared to other 
water segments since the sample size (n = 3) is too small for reasonably conclusive tests.
3. Results
3.1 Physico-chemical zonation of land-sea-continuum
We divide the region into 4 distinct zones (Fig. 1): the river comprises upstream stations with 
salinity <0.5; the inner estuary has salinity <10 and reaches to the river mouth; the outer 
estuary of steep salinity gradient covers the shallow subtidal sandbanks off the river mouths; 
the bay covers the deep Lianzhou Bay and has salinities >21. Generally, river and sea water 
mix within a distance of about 12 km (Fig. 3a). 
Surface water temperature was similar in river and bay during all seasons (P > 0.05), but was 
significantly (P < 0.001) lower in spring (12.5-26.6°C) than summer (22.5-33.0°C), reflecting 
the seasonality of this sub-tropical system. Dissolved oxygen saturation generally ranged 
between 80-100% in the river and 90-120% in the bay. Concentrations were higher during 
spring than during summer (P < 0.05), with means of 9.0 mg L-1 and 6.6 mg L-1, respectively. 
Lower concentrations were recorded in the western than in the other river branches. Though 
there was considerable variability of pH in the river (around 6.5-8.5), values generally 
increased with salinity (linear regression, all data pooled, P ? 0.001, R2 = 0.69), from an 
overall mean of 7.2 in the river to 8.1 in the bay.
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Temperature and salinity profiles showed only few minor differences between surface and 
bottom waters, and Sun et al. (in press) showed that the study area is permanently vertically 
mixed. Hence, in this article we present surface water values as representative for the water 
column at each station.
3.2 Nutrients in the Nanliu River
Nutrient concentrations in the Nanliu River (Fig. 4, Tab. 1) were generally enriched in 
dissolved inorganic nitrogen (DIN: NO3+NO2+NH4) relative to phosphate (PO4), with DIN/PO4
ratios ranging between 32-386 and averaging 86. Total dissolved nitrogen (TDN) was 
dominated by nitrate (NO3; always >60%) over ammonium (NH4) and dissolved organic 
nitrogen (DON). Nitrite (NO2) concentrations >1 μM were measured in all seasons except 
summer 2010.
All dissolved nutrients exhibited large concentration variability in the river (Fig. 4, Tab. 1). 
Strongest variability occurred during summer 2010 for NO3 (41.8-207.2 μM), PO4 (0.0-3.6 μM) 
and Si (27.2-128.3 μM), and during spring 2011 for NH4 (1.4-40.1 μM), NO2 (1.4-7.9 μM), and 
DON (66.1-161.1 μM). Average concentrations were different between campaigns, but no 
nutrient showed clear seasonality with repeatedly significant difference in concentrations 
between seasons. Nutrient concentrations are generally within the same range in the three 
river branches, but NH4 was higher in NLW, while PO4 was higher in NLM (Fig. 3). High 
TDN concentrations were measured in NLW in March 2011 (299.1 μM), and dropped in April 
2011 (206.3 μM). Contrarily, in NLM concentrations were lower in March (283.4 μM) than 
April (302.0 μM). In this branch NO3 increased while NH4 decreased. Different temporal 
changes between the two branches also occurred in summer 2010, when concentrations 
between samplings within 30 days decreased in NLM (219.6 to 194.6 μM) but were stable in 
NLW (142.8 and 146.2 μM). Sampling conducted along NLW two days after the extreme rain 
event caused by the tropical storm Nesat (125 mm on 1 September 2011, Fig. 2) revealed 
lowest NO3 and PO4 concentrations for that season (Fig. 4), but relatively high NH4 (~11 μM) 
and DON (~100 μM) values.
Nutrient export fluxes from the river were calculated for dry winter-spring and wet summer-
autumn seasons (Fig. 5). We calculated seasonal river discharge volume based on the 
observation that river discharge is directly related to precipitation in the catchment (Chen and 
Hong, 2011; Yan et al., 2011). Accordingly, 84.4% of the precipitation during our study period 
occurred in summer and autumn, while 80.5% of the annual discharge from the Nanliu River 
occurs in these wet seasons (Jiang et al., 2008). Monthly river discharge was calculated 
multiplying the monthly percentage of annual precipitation with the long-term average annual 
river discharge. The sums of dry month (November – April) and wet month (May – October) 
discharge volumes were multiplied with average river concentrations of early spring and late  
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Fig. 3: Variation of nutrient concentrations along (a) the continuum from river to bay and (b) the salinity gradient 
shown separately for three branches of the Nanliu Estuary. In (a) the upriver panels represent a station upriver 
from branching of the Nanliu, representative for all branches.
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Fig. 3 (continued).
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summer, respectively. River export of all nutrients was higher during the high discharge 
season in summer. Consistent seasonal differences are most pronounced for NO3 and PO4
loads (Fig. 5). Annual river export (Tab. 2) was calculated as the product of the long-term 
annual discharge volume and the average concentrations of each nutrient over the study 
period.
Fig. 4: Comparison of dissolved nutrient concentrations [?M] in different sections of the Nanliu River Estuary 
during winter/spring 2010 (Sp10), summer/autumn 2010 (Su10), and winter/spring 2011 (Sp11), summer/autumn 
2011 (Su11); Columns show mean values within maxima (black diamonds) and minima (white diamonds). 
Seasonal differences within one year are marked * if statistically significant at p ?? 0.05 (one-way ANOVA). 
Extreme values caused by tropical storm Nesat are marked a. Rain water nutrient concentrations are shown for 
summers of 2010 and 2011, and post-storm rain in 2011. Note the break in the concentration axis of NH4 in 
shrimp pond water. Missing values are denoted n.a. In the bay panel, white columns represent samplings by the 
GMGS in spring 2009.
3.3 Nutrient distribution along the estuary
Figure 3 shows the variation of dissolved nutrients along the continuum from river to bay. 
From maximum values in the river, NO3 concentrations decreased nearly conservatively 
along the salinity gradient, showing that the high riverine input is the principal source of this 
nutrient in the study area. Increasing concentrations of NO2 and NH4 and stable DON 
concentrations at low salinities indicated input of regenerated nitrogen into the inner estuary, 
where maximum concentrations were observed. The increase of NH4 and NO2 was strongest 
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in NLW. After an initial drop from maximum values upriver (Fig. 3a, left panel), PO4
concentrations showed input in the inner estuary, where concentrations were lower in springs. 
Concentrations of Si did not decrease along the inner estuary in springs and increased in 
summers. Increase was strongest in NLW while concentrations were generally higher in NLM 
and NLE. Maximum values were generally found near the river mouths. 
In the outer estuary, at salinities >10, all nutrients exhibited rapid dilution (Fig. 3). 
Conservative mixing within the outer estuary is revealed for Si, NO3 and NO2 by significant 
negative correlation with salinity at the tidal stations (p < 0.001; R² > 0.9). Correlation with 
NH4 was significant but weaker (p < 0.005; R² of 0.3-0.9) due to relatively high values also 
during high tide.
3.4 Nutrients in Lianzhou Bay
Lowest concentrations of NO3 and Si were found in the bay, while NH4 showed a slight 
increase in the outer estuary and remained relatively high in the bay. NO2 was not completely 
depleted (~0.5 μM), indicating active nitrogen conversion in these coastal waters. 
Concentrations of PO4 were up to >50% of river values. This resulted in DIN/PO4 ratios 
between 1 and 142 with an average of 35, which were significantly lower than in the river 
(t-test, pooled seasons, P < 0.05). A clear distinction of TDN composition between river and 
bay indicates higher importance of regenerated nitrogen in the bay, where NO3 always 
contributed <60%, and TDN was dominated by DON (55-60%) in 2011. In all seasons the 
contributions of NH4 and NO2 were higher in the bay (4-31% and 0.8-5.2%, respectively) than 
in the river (0-18% and 0.2-2.6%, respectively; P < 0.05). 
Seasonality of bay nutrient concentrations is weak. Contrary to the river, PO4 showed highest 
concentrations in spring. In contrast, NO3, NH4, and Si showed lowest concentrations in 
spring 2011. Sampling conducted in spring 2009 does not agree with this seasonal variability 
(Fig. 4, Tab. 1).
Fig. 5: Seasonal nutrient export fluxes from Nanliu River into Lianzhou Bay. Dry seasons are November to April, 
wet seasons are May to October.
3.5 Nutrients in shrimp ponds, mangrove effluents, and rain water
Nutrient concentrations in shrimp ponds (Fig. 4, Tab. 1) were very variable. Pond water 
average DIN/PO4 ratios ranged between 14 and 45. NH4 and DON concentrations were 
0
2000
4000
6000
8000
10000
12000
14000
Dry 
2009 -
2010
Wet 
2010
Dry 
2010 -
2011
Wet 
2011
Si
0
50
100
150
200
250
300
350
400
450
Dry 
2009 -
2010
Wet 
2010
Dry 
2010 -
2011
Wet 
2011
R
iv
er
 lo
ad
 [t
]
PO4-P
0
500
1000
1500
2000
2500
3000
3500
4000
4500
Dry 
2009 -
2010
Wet 
2010
Dry 
2010 -
2011
Wet 
2011
R
iv
er
 lo
ad
 [t
]
DON
0
100
200
300
400
500
600
Dry 
2009 -
2010
Wet 
2010
Dry 
2010 -
2011
Wet 
2011
R
iv
er
 lo
ad
 [t
]
NH4-N
0
20
40
60
80
100
120
140
160
180
Dry 
2009 -
2010
Wet 
2010
Dry 
2010 -
2011
Wet 
2011
R
iv
er
 lo
ad
 [t
]
NO2-N
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
Dry 
2009 -
2010
Wet 
2010
Dry 
2010 -
2011
Wet 
2011
R
iv
er
 e
xp
or
t [
t]
NO3-N
Chapter 1
29 
 
R
iv
er
 d
is
ch
ar
ge
 [t
 y
 -1
]
Sh
rim
p 
po
nd
 e
ffl
ue
nt
 d
is
ch
ar
ge
 [t
 y
 -1
]
W
et
 a
tm
os
ph
er
ic
 d
ep
os
iti
on
 [t
 y
 -1
]
R
iv
er
 d
is
ch
ar
ge
 [%
 o
f t
ot
al
]
Sh
rim
p 
po
nd
 e
ffl
ue
nt
 d
is
ch
ar
ge
 [%
 o
f t
ot
al
]
W
et
 a
tm
os
ph
er
ic
 d
ep
os
iti
on
 [%
 o
f t
ot
al
]
2.
3
1.
3
2.
3
0.
4
24
.5
11
.3
12
.6
0.
5
27
.3
5.
3
15
4.
7
56
.0
41
.7
97
.4
96
.5
58
.7
0.
3
3.
1
16
.8
3.
6
85
.2
85
.1
98
.2
91
.5
11
3.
1
24
1.
5
0.
6
22
5.
5
60
0.
0
Ta
b.
2:
C
om
pa
ris
on
of
an
nu
al
m
as
s
in
pu
tf
ro
m
so
ur
ce
s;
R
iv
er
di
sc
ha
rg
e
ca
lc
ul
at
ed
by
m
ul
tip
ly
in
g
lo
ng
-te
rm
av
er
ag
e
w
at
er
di
sc
ha
rg
e
(5
.3
*1
09
m
3
y-
1 )
w
ith
ov
er
al
lm
ea
n
riv
er
co
nc
en
tra
tio
n
du
rin
g
th
e
st
ud
y
in
cl
ud
in
g
su
rfa
ce
an
d
bo
tto
m
w
at
er
;S
hr
im
p
po
nd
ef
flu
en
td
is
ch
ar
ge
ca
lc
ul
at
ed
by
m
ul
tip
ly
in
g
po
nd
ar
ea
an
d
de
pt
h
w
ith
po
nd
w
at
er
co
nc
en
tra
tio
n
du
rin
g
w
et
se
as
on
s
an
d
ap
pl
yi
ng
fo
rt
w
o
co
m
pl
et
e
di
sc
ha
rg
es
pe
ry
ea
r;
W
et
at
m
os
ph
er
ic
de
po
si
tio
n
ca
lc
ul
at
ed
by
m
ul
tip
ly
in
g
lo
ng
-te
rm
av
er
ag
e
an
nu
al
pr
ec
ip
ita
tio
n
(1
81
.7
cm
y-
1 )
w
ith
ar
ea
of
ba
y
pl
us
ou
te
re
st
ua
ry
an
d
m
ea
n
ra
in
w
at
er
co
nc
en
tra
tio
n.
37
8.
2
10
67
.6
19
1.
0
10
.0
2.
2
6.
3
N
itr
at
e 
N
N
itr
ite
 N
Am
m
on
iu
m
 N
di
ss
ol
ve
d 
or
ga
ni
c 
N
Ph
os
ph
at
e 
P
Si
lic
at
e
10
26
5.
0
16
4.
7
54
0.
5
45
35
.6
37
6.
9
83
98
.4
to
ta
l d
is
so
lv
ed
 N
15
50
5.
9
 
Chapter 1
30 
 
higher during summer than spring, but this seasonality was only statistically significant for 
DON. Contrarily, NO3 concentrations were higher in spring, before the grow-out period, 
probably due to higher oxygen availability. Unfortunately, dissolved oxygen could not be 
measured in ponds because of restricted access for in situ measurements. In summer, 
ponds held higher concentrations of DON (p < 0.05), but lower concentrations of NO3
(p < 0.05) than the river. All concentrations were higher than in the bay, but only significantly 
so for NO3, DON and Si in summer 2010, and NO3, DON and PO4 in summer 2011. Summer 
inventories of nutrients in shrimp ponds were calculated as the product of average nutrient 
concentrations and pond water volume. The majority of ponds lie fallow during the cold 
winter and spring seasons, precluding an accurate estimate of pond volume. Also, pond   
water is only released on a large scale after harvest in summer, and effluent outflow is 
negligible in spring (see section 2.1). The volume of shrimp ponds was calculated by 
multiplying the farming area of 6,500 ha with the water depth of 1.3m in the ponds during 
summer growing season (obtained by semi-structured interviews with pond workers, Kaiser, 
unpublished). To account for the two growing cycles, double inventories are regarded as the 
annual aquaculture impact on coastal waters (Tab. 2). 
Effluents from mangrove creeks (Fig. 4, Tab. 1) showed lower concentrations of NO3
(P < 0.05), NO2 (P < 0.05), and PO4 (P < 0.05) than the river. Concentrations of Si (P < 0.05) 
were comparatively higher. NH4 and DON together dominated TDN, which ranged between 
river and bay values. Concentrations of all nutrients in samples taken hourly from a 
mangrove creek during tidal samplings fluctuated up to 20 fold, but exhibited no trend over 
time. Average concentrations of all dissolved nutrients were highest in summer. This 
seasonality is statistically significant for most nutrients in 2011 (Fig. 4). Mangrove effluents 
sampled after the tropical storm had highest concentrations of NO3 (82.5 μM), NO2 (2.9 μM), 
DON (208.1 μM), and PO4 (1.1 μM), as well as lowest Si (17.3 μM) concentrations measured 
in mangrove creeks during any season (Fig. 4). TDN was dominated by the extremely high 
DON concentrations.
Nutrient concentrations in rain water are variable and higher after periods of relative dryness. 
On average summer rain contained almost no NO2 (0.1 μM) and Si (3.4 μM), and 
intermediate concentrations of NO3 (40.0 μM) compared to river and bay. Average summer 
concentrations of NH4 (37.4 μM), DON (99.4 μM), and PO4 (4.2 μM) were higher than in the 
river and bay. Rain water TDN was dominated by DON (56%), while NO3 and NH4
contributed 22.6% and 21.1%, respectively. The average DIN/PO4 ratio of 18 is within the 
range of values in the bay, and close to the Redfield ratio of 16. To quantify the input of 
nutrients to Lianzhou Bay by wet atmospheric deposition we multiplied the average rain 
water nutrient concentrations with average annual precipitation over the bay and outer 
estuary (Tab. 2). 
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3.6 Nutrients in tidal samplings
Macro-tides cause strong salinity changes in the estuary. Variability was highest during 
spring tides and in dry spring at the river mouth tidal station. At the station near the bay 
variability was higher during neap tides and in wet summer (Fig. 6). At both stations minimum 
salinity occurred in summer.
Fig. 6: Changes of water depth, salinity, temperature, and nutrient concentrations during diel tidal cycles at neap 
and spring tides in spring and summer 2011 in the mangrove-fringed Nanliu River Estuary (a) and at the interface 
between outer estuary and Lianzhou Bay (b). Gray panels represent night time dark hours. Dashed line in the
depth plot in (a) indicates the water depth necessary to inundate the mangrove sediment.
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In the bay, surface salinity averages (and ranges) were 30.74 (27.1-31.8) and 32.5 
(31.5-33.3) in spring 2011 and summer 2011, respectively. Salinity changes over the tidal 
cycle generally closely followed changes in water depth. However, at the mangrove station 
salinity showed peaks during low tide (Fig. 6a). At the outer station salinity remained at bay 
levels (28-33) during water levels above ~2 m, causing prolonged marine conditions 
particularly during spring tides (Fig. 6b). Dissolved oxygen saturation ranged 60-120% but 
was usually well above 80% with an average of 97%, showing that hypoxic conditions do not 
occur in the water column of the estuary. Surface water temperature was generally slightly 
higher during daytime. No parameter was significantly different between day and night, 
showing that tidal mixing is the main driving force for concentration changes. 
All nutrients showed a general decrease with increasing salinity. Maximum values usually 
occurred during low tide, reflecting the importance of upstream nutrient sources. In 
agreement with stable concentrations between river and bay, DON showed only weak 
relation with depth or salinity. The dilution with sea water during high tide did not decrease 
NH4 concentration to the same degree as NO3 concentration, further indicating local input of
NH4 into the estuary. In summer, Si concentrations at the mangrove station showed non-
conservative behavior with high fluctuations, especially during spring low tide. There was a 
strong relationship between TDN partitioning and tidal level. During high tide DON became 
more important at the river mouth station, while there was a complete switch from NO3 to 
DON dominance at the bay station. Though DIN was always dominated by NO3, higher 
contributions of NH4 were observed during high tide. 
4. Discussion
4.1 Nutrient transport in the river
Concentrations of DIN in the Nanliu River (55-220 μM) are higher than in most other small to 
medium size rivers of tropical and temperate China (Herbeck et al., 2011; Li et al., 2013; Liu 
et al., 2011, 2009), and rank high in comparison to those from major Chinese streams like 
the Yangtze, Yellow and Pearl River (Liu et al., 2009; Zhang, 1996). The Nanliu River must 
be regarded as highly polluted according to Chinese GB 3838-2002 water quality 
classification and the classification by Smith et al. (2003). Values of PO4 are within the range 
of concentrations in the anthropogenically affected Red River, which also debouches into the 
Beibu Gulf (Quynh et al., 2005; Wösten et al., 2003), but higher than in other Chinese rivers 
(Liu et al., 2009), including the relatively unaffected Huangzhu River (0.03 μM; Qiu, 
unpublished data). Nevertheless, the extreme DIN concentrations cause high DIN/PO4 ratios 
in the Nanliu River similar to other south Chinese rivers, where high ratios result from lower 
PO4 concentrations (Liu et al., 2011).
Chapter 1
33 
 
DIN loading to streams is directly related to the extent of agriculture in the catchment (Heggie 
and Savage, 2009). High NO3-dominated DIN values in rivers and estuaries are primarily 
attributed to anthropogenic nutrient sources (Hartzell and Jordan, 2012; Liu et al., 2011; 
Meybeck et al., 2006; Yuan et al., 2012), particularly to washout of fertilizers not utilized by 
target plants (Bellos et al., 2004; Bu et al., 2011; Falco et al., 2010). High levels of inorganic 
fertilizer use are a nationwide characteristic in China (Lin, 1998 in Gao et al., 2006).
Fertilizers contribute up to 67% of nitrogen input to the watershed, and in agricultural areas 
of subtropical southern China their washout is the dominant source of DIN to streams (Chen 
et al., 2010; N. Chen et al., 2008; Gao et al., 2006). Accordingly, we conclude that the high 
NO3 concentrations in the Nanliu are derived from hinterland agriculture. 
For two other agricultural areas in subtropical south China, Chen and Hong (2011) and Chen 
et al. (2008) reported N fertilizer application rates of 86.7 and 637 kg ha -1 yr-1 to respectively 
cause 17.8 and 67 kg ha-1 yr-1 of N yield from the watershed. Nitrogen fertilizer application to 
the main crops in Guangxi Province amounts to about 160 kg ha-1 yr-1 (Tan et al., 2003) and 
we calculated the N yield from the Nanliu River to be about 11 kg ha-1 yr-1 of DIN and 
5 kg ha-1 yr-1 of DON. This is at the low end of the range reported for Europe and the 
northeastern United States, but higher than in minimally disturbed watersheds (Howarth et al., 
1996), and considerably higher than yields from rivers in tropical Hainan (Liu et al., 2011)
and the Red River (Quynh et al., 2005).
The high PO4 concentration of up to 3.7 μM in the river (Fig. 4, Tab. 1) is consistent with high 
fertilizer application to agriculture. In China, there is an over-application of PO4 fertilizer to 
counteract soil phosphorus depletion caused by excessive N application during the onset of 
the Chinese agricultural revolution (Gao et al., 2006). Low utilization efficiency of PO4 by 
plants (<45%) results in significant loss of applied PO4 to aquatic systems. Consequently, 
PO4 loss from agricultural soils is now the most important source of PO4 to water bodies and 
the biggest contributor to aquatic ecosystem eutrophication (M. Chen et al., 2008).
4.2 Estuarine nutrient dynamics
While conservative behavior along the salinity gradient shows that NO3 is mainly introduced 
from the river, other dissolved nitrogen species (NO2, NH4, DON) receive inputs within the 
inner estuary (Fig. 3). 
Pond aquaculture has been shown to be a major source of nutrients to estuarine systems 
(Herbeck et al., 2012; Wolanski et al., 2000). However, in the Nanliu estuary, the influence of 
aquaculture effluents is probably low, due to the rare exchange of pond water (see section 
2.1). Our data suggest that aquaculture does not represent a major source for NH4 and DON. 
Both N species increase at river stations in NLW and NLM that do not receive aquaculture 
effluents. Most ponds are in fallow during spring, yet strong concentration increase was 
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observed during this season. Increase was particularly strong in spring 2011 (Fig. 3a), when 
concentrations were higher in the river than in pond water (Fig. 4, Tab. 1). Furthermore, 
preliminary tidal samplings (data not shown) showed that small aquaculture drainage 
channels only discharge into the estuary during low tide, while during higher water levels the 
flow reverses and estuary water enters the drainage system. Thus, inflow prevailed during 
our transect river sampling at high tide. 
Livestock farming has been identified as a main non-point source of nutrients in China (Ma et 
al., 2011), and livestock waste contains extremely high concentrations of DON (Bristow et al., 
1992; Hoogendoorn et al., 2010; Whitehead et al., 1989). Abundant cattle and fowl are a 
potentially strong N source to the inner estuary. Different spatial patterns of NH4 and DON 
suggest different major sources. Most livestock farming is practiced in NLM (pers. obs.), 
consistent with highest DON concentrations in this branch. High temporal variability of DON 
concentrations over tidal cycles (Fig. 6) and the irregular spatial pattern along the inner 
estuary (Fig. 3a) suggest that variable input from livestock is a strong source of DON to the 
estuary. 
High concentrations of NH4 even during high tide (Fig. 6) indicate that NH4 is not only river 
and land-derived but has a strong source within the estuary. Maximum concentrations in the 
outer estuary, despite strong dilution of river water, suggest a NH4 source in this zone, which 
is populated by clams. Excretion by bivalves can be a strong sources of NH4 in coastal 
systems (Magni and Montani, 2005; Niencheski and Jahnke, 2002; Tang et al., 2005). Nearly 
60,000 t of the clam Meretrix meretrix are harvested annually from the sand flats of the outer 
estuary (Beihai Fishery Bureau, pers. comm.). Based on fresh animal tissue proportion of 
27.6% (Deng et al., 2008) and NH4 excretion rates of 0.33-0.58 mg N gfw-1 h-1 (Zhuang and 
Liu, 2006), a standing stock of 60,000 t could supply 3.9-6.9 x 105 mol h-1 NH4 to the outer 
estuary, increasing NH4 concentrations in the outer estuary by 0.9-1.7 μmol L-1 h-1, even 
during high tide (2.5 m water depth). This rough estimate demonstrates the importance of 
this source, particularly as it does not yet include inputs from soft clams and oysters. Strong 
macro-tidal flood currents transport the high inputs into the inner estuary and further 
upstream. Mixing with NH4-poor river water creates the concentration gradient between outer 
estuary and river. Tidal landward and seaward transport also supports the relatively high 
concentrations of NH4 during high tide at both tidal stations. The annual NH4 exudation of M. 
meretrix, estimated at 4.8 x 104 to 8.4 x 104 t N yr-1 exceeds the total input of TDN from 
external sources to the outer estuary and bay (Tab. 2). This, and prevailing NO2
concentrations and the dominance of regenerated NH4 and DON in TDN, indicate that the 
high excretion rates are supported by fast recycling of N within these near-shore waters, 
rather than by new nitrogen inputs. The dominance of NH4 inputs from naturally occurring 
fauna is unusual in an area with intensive aquaculture (see e.g. Herbeck et al., 2012).
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In many Chinese rivers dissolved PO4 concentrations are low due to adsorption to rich 
particle loads (Liu et al., 2009). Average suspended particulate matter concentrations in the 
Nanliu River (~50 mg L-1; Kaiser et al., submitted b) are high compared to other Chinese 
rivers (7-44 mg L-1; Liu et al., 2009), providing a large potential for PO4 transport.  Desorption 
of particle bound PO4 occurs as pH increases in offshore direction (Morris et al., 1981; 
Sundareshwar and Morris, 1999). In the Nanliu, pH increased from seasonal averages of 
7.1-7.4 in the river to 8.0-8.1 in the bay. High amounts of adsorbed PO4 may thus be 
released in estuarine and coastal waters. This release is probably amended by inputs from 
municipal waste (Bellos et al., 2004), which explains higher concentrations in NLM, where 
two densely populated settlements release untreated waste water into the river. 
Generally, rivers represent the major pathways of dissolved Si from natural sources in the 
hinterland to the ocean (Gago et al., 2005; Tréguer et al., 1995; Wollast and Mackenzie, 
1983). In the Nanliu the irregular non-conservative decrease of Si along the estuary suggests 
point source like input. Sand mining, trawling, and mussel extraction disturb the sediment, 
releasing Si-rich pore waters and increasing dissolution from resuspended sandy particles. 
The influence of such sediment disturbance might be important in fast developing countries 
that rely on the extraction of sand and other riverine raw material for construction and 
nutrition. This possibility has not been sufficiently addressed in the assessment of the human 
impact on land-ocean silicon transport.
The highest concentration changes in the estuary are caused by tidal action. Tidal station 
sampling shows that concentration variations are greater within one tidal cycle than between 
average concentrations of tidal cycles and between seasons. This is in agreement with 
findings from other macro-tidal areas (e.g. Tay et al., 2012).
4.3 Lianzhou Bay nutrient dynamics
Due to the prevailing macro-tides residence time of water in Lianzhou Bay is only <6 days 
(Sun et al., in press) resulting in an efficient flushing of riverine nutrients into adjacent waters. 
Agricultural NO3 input hence has no or minor immediate effects on the bay but supports 
nutrient dynamics in the Beibu Gulf, where NO3 concentrations are within the range 
measured in Lianzhou Bay (Bauer et al., 2013). Similar export of river borne NO3 has also 
been reported for the Pearl River estuary and other turbid tidal estuaries (Middelburg and 
Nieuwenhuize, 2000; Shaw et al., 1998; Yuan et al., 2012).
Despite the strong tidal flushing concentrations of NH4, DON, and PO4 remain high in 
Lianzhou Bay, indicating persistent local inputs. Relative to the high input from bivalves in the 
outer estuary concentrations of NH4 are moderate. Most excreted NH4 is probably retained in 
a short loop between primary producers and bivalve consumers, supporting high bivalve
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metabolism. Removal of NH4 by oxidation in nitrification is indicated by NO2 concentrations 
up to 1.9 μM (Fig. 4) and dissolved oxygen (DO) saturation >100%. 
Elevated PO4 concentrations near Beihai harbor suggest input from urban and industrial 
waste (Bellos et al., 2004; Van Drecht et al., 2009). Total depletion of PO4 in offshore regions 
of the Beibu Gulf (Bauer et al., 2013) shows that these inputs are locally restricted to 
Lianzhou Bay. 
In Lianzhou Bay high nutrient concentrations and high water transparency provide good 
conditions for planktonic primary production. Accordingly, chlorophyll a concentrations 
(average of 4.3-6.5 μg L-1; maximum 16.3 μg L-1; Kaiser, unpublished data) are higher than in 
the light and phosphorus limited coastal waters of Hong Kong and the Pearl River Estuary 
(Huang et al., 2003; Xu et al., 2012), indicating high primary productivity compared to other 
regions in south China. This production represents a sink for NH4, but may act as a source 
for the prevailing high DON concentrations in the bay via phytoplankton release (Bjornsen, 
1988). Additional DON likely originates from urban and industrial sewage and surface runoff 
from Beihai City (Daniel et al., 2002; Guo et al., 2010; Seitzinger et al., 2002). Wet 
atmospheric deposition is another considerable source of DON to the bay. In our study, DON 
contributes 56% to rain TDN, which is higher than the global average of 30% (Duce et al., 
2008), indicating that rain may be a more important source of organic N in coastal subtropical 
China than in other regions.
4.4 Seasonal and sub-seasonal variability
Total nutrient export from the river follows the seasonal pattern of fertilizer application (Li et 
al., 2007), precipitation, and temperature enhanced weathering (Gago et al., 2005; Liu et al., 
2011) with higher values during warm and wet seasons (Fig. 5). Higher precipitation (Fig. 2), 
however, increases dilution and precludes necessarily higher concentrations, masking a 
consistent seasonal difference in nutrient concentrations in Nanliu River and Lianzhou Bay 
(Fig. 4, Tab. 1).
This disparity between temporal patterns of nutrient concentrations and loads can be 
observed along the entire land-sea-continuum from small up-river watersheds (Chen and 
Hong, 2011) to the estuary (e.g. Caffrey et al., 2007). As a consequence of higher river 
exports (Fig. 5), as well as concentrated input from aquaculture and wet atmospheric 
deposition, the nutrient input into Beibu coastal waters is considerably higher during the 
warm than the cool seasons. Despite the large seasonal variability in nutrient input, only few 
concentration differences in the bay were statistically significant (Fig. 4), showing that the 
bulk of the introduced nutrients is rapidly exported to the Beibu Gulf by macro-tidal currents. 
A seasonal pattern of higher nutrient (Si and NO2) concentrations in summer and autumn 
than winter and spring prevails in coastal waters off Guangxi (Chen et al., 2011). This 
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seasonality shows that sub-seasonal fluctuations in the river concentrations are buffered 
within the volume of the Beibu Gulf. A similar buffer function was observed for coastal waters 
influenced by varying discharge from the Yangtze (Wang, 2006).
Seasonal patterns might be superimposed by episodic flush events, which enhance runoff 
from agricultural fields and increase riverine nutrient concentrations (Caffrey et al., 2007; 
Caraco and Cole, 2001; Chen and Hong, 2011; Falco et al., 2010; Tay et al., 2012). Chen
and Hong (2011) have shown that N loss from a Chinese agricultural watershed is flush 
driven and does not strictly follow seasons or growing periods. Flush effects are common in 
many watershed types and coastal systems (Davies and Eyre, 2005; Eyre and Balls, 1999; 
Eyre, 1997; Lee et al., 2004; Peters and Donohue, 2001; Ribarova et al., 2008; Ruhl and 
Schoellhamer, 2004), and may be particularly important in small agricultural watersheds 
(Soller et al., 2005), like that of the Nanliu River. 
Following the extreme event of tropical storm Nesat in late summer 2011, NO3 and PO4
reached seasonal minima in the river and inner estuary (Fig. 4). Though high concentrations 
could be expected following enhanced runoff, concentration increase may last only hours 
after a first flush (Caffrey et al., 2007; Jennings, 2003 cited in Volk et al., 2012). The duration 
of increased concentrations is particularly short if, as has been the case in this study, periods 
of rain preceded the flush (Caffrey et al., 2007; Chen and Hong, 2011). Dilution is common in 
the later phase of the hydrograph (Chen and Hong, 2011; Hornberger et al., 1994), and river 
concentrations were probably diluted with late summer rain water poor in NO3 and PO4
(Fig. 4, Tab. 1). However, rain water had introduced high amounts of NH4 and DON, causing
increased concentrations in the stream after the event. Also, high discharge volume and flow 
velocity detached part of the river bank used for animal and vegetable farming (pers. obs.), 
and may have released organic and reduced N from the soil. Soil detachment has been 
shown to increase the fraction of DON in TDN (Chen and Hong, 2011). In contrast to the 
short lived surface runoff flush, increased particulate loads show that detached soil persists 
as a source long after a storm event (Volk et al., 2012). Following Nesat, dissolved N in the 
water of the Nanliu River Estuary became dominated by DON. Extreme storm and 
precipitation events are likely to increase in strength and frequency in response to global 
climate change (IPCC, 2012). For coastal waters this will result in more frequent short-term 
changes of freshwater and nutrient inputs. Since nutrient species seem to react differently to 
such events, shifts in nutrient ratios and the relative dominance of individual N species may 
occur. Such shifts can introduce complex changes in coastal ecosystem composition and 
increase the risks of harmful algal blooms (Berg et al., 1997; Gobler and Sanudo-Wilhelmy, 
2001; Hodgkiss and Ho, 1997; Lomas et al., 2001; Officer and Ryther, 1980; Turner et al., 
1998).
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4.5 Nutrient fluxes into Lianzhou Bay
To compare the different sources of nutrients to the bay, we quantified total annual inputs 
from the river, shrimp aquaculture and wet atmospheric deposition (Tab. 2). Other potential 
sources cannot be quantified by the methods used in this study. Mangroves potentially 
influence nutrient dynamics in estuaries (Dittmar et al., 2001; Lee, 1995; Valiela and Cole, 
2002), but Kaiser et al. (submitted a) have shown that in the Nanliu Estuary mangrove 
nutrient uptake and release are unlikely to have a significant effect on estuarine water 
composition due to the small remaining area of mangrove forest. Currently, the input of urban 
waste is probably of minor importance as most of the river’s catchment is dominated by 
agriculture with no large urban or industrial areas. Strongest inputs can be expected to 
originate from Beihai City and these may increase in the near future due to planned 
development of tourism and harbor industry (Asian Development Bank, 2012; 
nanning.gov.cn, 2010). Ground water input has been shown to be an important source of 
nutrients in coastal bays (e.g. Liu et al., 2011) and should be included in a full nutrient budget 
of the bay.
The river is the most important of the quantified nutrient sources to the bay. It supplies >90% 
of the quantified nitrogen input and 85% of PO4 input. It furthermore contributes nearly all of 
the Si input, thereby being the most critical factor in sustaining the dominance of diatoms in 
the phytoplankton of the bay. Annual river export of TDN is lower than in large Chinese rivers 
(Cai et al., 2004; Liu et al., 2009; Zhang, 1996), but comparable to that of the polluted 
Danshui in Taiwan (Wen et al., 2008). The Red River exports 133,763 t yr-1 of total nitrogen 
to the Beibu Gulf from a large watershed of 156,448 km2 (calculated from values in Quynh et 
al., 2005). With its much smaller watershed of 9,704 km2, the Nanliu makes up only 5.8% of 
the combined watershed. Nevertheless, with 16,842 t yr-1, including 1,336 t yr-1 of particulate 
nitrogen (Kaiser, unpublished data), the Nanliu River delivers 11.2% of the combined total 
nitrogen export from both rivers. Export of PO4-P on the other hand, is similar to that of the 
much larger Yellow (Zhang, 1996) and Pearl Rivers (Cai et al., 2004), due to higher PO4
concentrations in the Nanliu River.
Atmospheric deposition is an important source of N and P (Ma et al., 2011; Volk et al., 2012).
Annually, rain is an important source of nutrients to Lianzhou Bay, and the depositions of 
NH4 and PO4 to the bay account for ca. 25% and >12% of the quantified annual inputs, 
respectively (Tab. 2). As wet deposition accounts for <50% of the total atmospheric 
deposition (Volk et al., 2012) these values must be regarded as an underestimate of 
atmospheric input. 
Pond inventories are a negligible source of NO3, NO2 and Si, and contribute <17% of the 
total quantified NH4 input. During each of the two post-harvest discharge events about 190 t
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of TDN and 5 t of PO4 are released to the estuary (Tab. 2), which is less than the average 
weekly wet season river discharge of about 450 t of TDN and 14 t of PO4 (calculated as a 
weekly fraction of average wet season discharge from figure 5). Consequently, the river 
remains the dominant source of nutrients even during pond discharge events. The low 
impact of shrimp farming as compared to other estuaries with intensive aquaculture (Herbeck 
et al., 2012; Sorokin et al., 1999; Trott and Alongi, 2000) can be explained by the comparably 
large Nanliu drainage basin and the related high nutrient input from the hinterland.
4.6 Long-term development of nutrient concentrations in Lianzhou Bay
Superimposed on natural temporal variations, fast development (Xiong et al., 2008) with 
changes in land-use causes long-term alterations in nutrient fluxes. In figure 7 we compiled 
data of DIN and PO4 in Lianzhou Bay, including its shallow sand flats, reflecting the changes 
between 1996 and 2011 (Chen, 2001; Lai and Wei, 2003; Li, 2007; Qiu and Lai, 2005, 2004; 
Wei et al., 2000a, 2000b). Consistent with our data, no seasonal patterns of nutrient 
concentrations was evident during this period. The strong variability of concentrations and 
DIN/PO4 ratios observed in the bay is a common phenomenon in long-term estuarine and 
coastal studies and has been ascribed to varying degrees of human activities in the 
watershed (Cole et al., 1993). Due to the high fluctuation the decrease in DIN concentrations 
was not statistically significant. Contrarily, PO4 concentrations showed a continuous increase
over time (linear regression; P < 0.05, R2 = 0.402) and are significantly higher since the turn 
of the century (U-test, P < 0.05). The related rapid decrease of the DIN/PO4 ratio is 
uncommon. Many long-term studies rather reveal an increase of DIN/PO4, either due to 
higher increases of applied N than P fertilizers (Billen et al., 2007; Caffrey et al., 2007; Li et 
al., 2013; Ma et al., 2011; Wang, 2006), or due to a stronger decrease of P than N during 
wastewater treatment (Hamada et al., 2012; Volk et al., 2012).
Changing nutrient levels can be traced back to the river and estuary, where phosphorus 
concentrations have also increase in the early 21st century (Dai et al., 2011). Increasing 
phosphorus levels in the river suggest that higher P fertilizer application, in response to soil P 
exhaustion after excessive N application (Gao et al., 2006), raised P discharge and 
increased PO4 concentrations in the bay. High amounts of P fertilizer are commonly applied 
in the expanding eucalyptus silviculture in south China. Due to low uptake efficiency of the 
trees, more than 50% of the applied P could be transported through the watershed (Xu et al., 
2012). Though not specifying on DIN, Dai et al. (2011) report water quality improvements in 
the Nanliu River. As a result of reduced N pollution and increased P fertilizer use the 
DIN/PO4 ratio in Lianzhou Bay shifted from severe P limitation to close to the ecologically 
desirable Redfield ratio of 16, allowing for more efficient utilization of available DIN. A related 
enhanced production by phytoplankton is indicated by the increase in average chlorophyll a
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concentrations from 0.29-1.0 μg L-1 in the early 1990s (Lu et al., 1995) to 4.3-6.5 μg L-1 in 
2010-11 (Kaiser, unpublished data). The increased phytoplankton stock will have positive 
effects on higher trophic levels in the bay, particularly for commercially important filter 
feeding bivalves. 
Fig. 7: Long-term development of dissolved inorganic nitrogen (DIN) and phosphorus (PO4)
concentrations (a) and DIN/PO4 ratios for the period 1996–2011. Gray areas represent dry 
winter-spring seasons.
Further decrease of DIN and increase of PO4 would lower the DIN/PO4 ratio <16, and could 
change the bay ecosystem structure (Billen and Garnier, 2007), potentially leading to 
plankton community shifts in favor of dinoflagellates and to higher frequency of red tides (e.g. 
Hodgkiss and Ho, 1997). The risk of harmful algal blooms also increases with shifts in the 
Si/DIN ratio <1 when phytoplankton becomes dominated by non-diatom species (Conley et 
al., 1993; Officer and Ryther, 1980; Turner et al., 1998). Generally, measured Si/DIN ratios 
were >1, and diatoms account for >90% of the phytoplankton in the bay (Qiu and Lai, 2005).
Nevertheless, a red tide was observed in February 2004 (Qiu and Lai, 2005), concurrent with 
the lowest Si/DIN value (0.53) recorded between 1996 and 2011. From a stoichiometric 
perspective, Lianzhou Bay is at the threshold between increased primary productivity and 
increased frequency of harmful algal blooms. Environmental management strategies will be 
required to include not only the reduction of nutrient pollution but also the monitoring of 
relative abundance of nutrients (Seitzinger et al., 2005). Since changes occur on different 
temporal scales, and interannual variability can mask long-term trends during the early phase 
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of change (Thomas et al., 2009), the ecological and economic health of the system should be 
tightly monitored to permit timely reaction to critical changes.
5. Conclusion
This study confirms the importance of small rivers for the nutrient delivery to coastal waters. 
It underlines the current notion that small rivers must be included into global nutrient budget 
calculations for more accurate assessments of land-ocean connectivity and of human 
influences on nutrient delivery. Human activities in this fast developing region in southern 
China are important determinants of land-ocean nutrient fluxes. Particularly riverine nitrogen 
and phosphorus exports into coastal waters stem from anthropogenic land-based sources. 
The quantity and quality of these inputs influence coastal productivity, on which they may 
have negative impacts if nutrient delivery is not monitored and controlled. Though intensive 
and widespread agricultural activities in little industrialized hinterlands is the main source of 
nutrient pollution from small river catchments, the negative influences of coastal development 
may not be disregarded. Aquaculture may not be a strong direct nutrient source, but its 
development has direct consequences on the distribution of mangrove areas and hence on 
their ecosystem services, including nutrient uptake, drastically reducing their function as 
filters for anthropogenically enhanced nutrient fluxes. Urban growth increases the inputs of 
dissolved phosphate and silicate through wastewater release and mining of raw building 
materials including sand, and thereby influences nutrient composition in coastal waters. The 
complex input pattern from different sources requires that coastal conservation efforts regard 
nutrient composition as well as absolute inputs to retain the ecological and economic integrity 
of the ecosystem. In macro-tidal areas like the estuary of the Nanliu River, hydrological 
forces disperse land-derived nutrients into larger off-shore water bodies. While this prevents 
rapid direct eutrophication of smaller coastal bays, it may mask subtle pollution trends in 
coastal waters. Changes in wider areas, once established, may be more difficult to 
counteract, and preventive measures, including monitoring of nutrient fluxes from land, are 
desirable.
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Abstract
Estuarine particle fluxes are an integral part of land-ocean-connectivity and influence coastal 
environmental conditions. In areas with strong anthropogenic impact they may contribute to 
coastal eutrophication. To investigate the particulate biogeochemistry of a human affected 
estuary, we sampled suspended, sedimentary, and plant particulate matter along the land-
ocean continuum from Nanliu River to Lianzhou Bay in southern China. Riverine particle
fluxes exceed inputs from land-based pond aquaculture. Elemental (C/N) and isotopic 
???????????? ??? ???????????? ???????? ??????? ??13??? ???? ?????? ????????? ??15N) showed that 
suspended and sedimentary organic matter (OM) mainly derive from freshwater and marine 
phytoplankton, with minor contributions from terrestrial and aquaculture-derived particles. 
Amino acid composition indicates subseasonal variability of production and freshness of 
phytoplankton OM. Strongest compositional changes of suspended particles are associated 
with storm-related extreme precipitation events, which introduce soil-derived OM. High 
concentrations of chlorophyll a reflect eutrophic conditions in riverine and coastal waters. 
??????? ????????????? ?????????15N signals in suspended, sedimentary and plant particulate 
matter. Using these in a comparison with two little affected sites shows that anthropogenic 
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influence disperses from the Nanliu River to remote estuaries and mangrove areas. Our 
results suggest that autochthonous production binds anthropogenic nutrients in particles that 
are transported along the coast. 
Keywords
r??????????????????????????13???????15N stable isotopes, amino acids, land-use, human impact, 
Guangxi coast
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1. Introduction
Rivers and estuaries connect continents with oceans, and annually transport 150-205 x 106 
tons of particulate organic carbon (POC) (Beusen et al., 2005; Hedges et al., 1997; Meybeck 
and Vörösmarty, 1999; Seitzinger et al., 2005) and 21-23 x 106 tons of particulate nitrogen 
(PN) (Meybeck, 1982; Seitzinger et al., 2002a) from land to sea.  Contrary to the numerous 
investigations of carbon fluxes and dynamics, few studies have focused on particulate 
nitrogen (Seitzinger et al., 2002a), the dominant element responsible for nutrient enrichment 
and eutrophication of coastal ecosystems (Seitzinger et al., 2002b).
Chinese rivers play a major role in global transport of particulate matter into the ocean 
(Milliman et al., 1984; Seitzinger et al., 2002a; Syvitski et al., 2005; Zhang et al., 1992), but 
data is mostly available for large rivers although small to medium sized rivers may contribute 
considerably to particle fluxes (e.g. Milliman and Syvitski, 1992). Small rivers are more suited 
for investigating processes and dynamics because they respond rapidly to seasonal and 
subseasonal natural or anthropogenic influences, while in major rivers short-term regional 
changes may be masked by integration over the large catchments (Jennerjahn et al., 2008; 
Unger et al., 2013).
The particulate organic matter (POM) delivered by rivers is an important component in
coastal biogeochemistry (Hedges et al., 1997; Raymond and Bauer, 2001; Wu et al., 2007).
Investigations of coastal particle dynamics are challenging due to the large temporal and 
spatial variability in physical and chemical properties of rivers, estuaries and near shore 
waters (Raymond and Bauer, 2001). POC stable isotope composition (?13C) is one tool to 
delineate organic matter (OM) sources in these systems (Bristow et al., 2012; e.g. 
Jennerjahn et al., 2008, 2004; Raymond and Bauer, 2001; Savoye et al., 2012). Variability in 
?13C within and between systems is to a large degree due to the relative contribution from 
different sources (Raymond and Bauer, 2001), because primary producers have ?13C values 
according to their carbon source and assimilation pathway (see e.g. Hedges et al., 1997).
These signals change only slightly during heterotrophic processing and degradation of POC
and are preserved in food webs and detritus (see Hedges et al., 1997; Middelburg and 
Herman, 2007; Raymond and Bauer, 2001). However, some POC sources in estuaries may 
have wide and overlapping ranges of ?13C. For instance, overlapping values of freshwater 
phytoplankton (-34 to -26‰; Bristow et al., 2012 and references therein), terrestrial C3 plants 
(-33 to -22‰; Bender, 1971) and sewage (-28 to -23‰; Andrews et al., 1998; Thornton and
McManus, 1994) hamper the discrimination of autochthonous, terrestrial or anthropogenic 
material in rivers. The elemental carbon to nitrogen ratio (C/N) differs between sources 
because high contents of nitrogen-free biomacromolecules cause high values in vascular 
plants (C/N 20-????? ????????? ??? ?????????????? ????? ?? ???? ????????? ????? ?? ??? ???? ??????
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(C/N ? 10) (Hedges et al., 1986). The use of C/N to identify organic matter sources is 
complicated by changes during degradation. While terrestrial vascular plant C/N tends to 
decrease due to colonization with bacteria, algal detritus becomes nitrogen depleted 
(Middelburg and Herman, 2007). These restrictions may be overcome by combined use of
both indicators (Bristow et al., 2012; Raymond and Bauer, 2001).
The stable isotope signature of PN (?15N) may not be a suitable indicator for sources within 
one system because values may change according to nitrogen source (Cifuentes et al., 
1988; Liu et al., 2007) and in response to fractionation processes during ammonification, 
nitrification, denitrification and assimilation (Carreira et al., 2002), as well as during OM 
degradation (Lehmann et al., 2002). ????????? ?15N can work as a footprint for nitrogen 
inputs, particularly when comparing variability between different systems where effects of 
nitrogen conversion processes are less pronounced than within systems (Robinson, 2001).
???????????15N of suspended particles, sediments, micro- and macro-algae, and higher plants 
has been used successfully to trace nitrogen sources, including anthropogenic inputs, in 
different systems (Abreu et al., 2006; e.g. Bao et al., 2013; Costanzo et al., 2005, 2004, 
2003, 2001; Harrington et al., 1998). High anthropogenic influence resulting in strong 
nitrogen loading to aquatic systems is accompanied by elevated ?15N (e.g. Middelburg and 
Herman, 2007). These high values can be traced from directly affected areas by e.g. 
aquaculture to remote systems (Herbeck and Unger, 2013).
The identification of OM sources may be further improved by using the composition of amino 
acids (AA), which constitute a large fraction of organic carbon and most of the nitrogen in 
living organisms, rendering them representative for most OM. The reactivity of AA varies 
between monomers and the degree of OM degradation is mirrored in the Degradation Index 
(DI; Dauwe et al., 1999) and Reactivity Index (RI; ratio of proteinogenic to non-proteiongenic 
AA; Jennerjahn and Ittekkot, 1999). High values of DI and RI indicate high OM reactivity and 
decrease with progressing degradation. Amino sugars (AS) are less abundant and less 
reactive than AA, so that advanced degradation is reflected in decreasing AA/AS ratios 
(Benner and Kaiser, 2003; Gupta and Kawahata, 2000; Haake et al., 1992; Müller et al., 
1986).
In this study we use bulk, isotopic, and amino acid characteristics of suspended,
sedimentary, and plant particulate matter to understand OM dynamics within the small Nanliu 
River estuary and between three different coastal sites along the coast of Guangxi province 
in southern China. Coastal China is among the most densely populated and rapidly 
developing regions on earth. Coastal development has caused the loss of >60% of Chinas 
mangrove systems (Li and Lee, 1997), mostly due to conversion to aquaculture facilities
(Bao et al., 2013). The effects of human enhanced matter fluxes on coastal productivity are 
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still poorly understood (Wu et al., 2007), but there is evidence for increased coastal 
eutrophication (e.g. Cai et al., 2004; Chen and Hong, 2011; Herbeck et al., 2012; Hodgkiss 
and Ho, 1997; Kaiser et al., 2013; Yuan et al., 2012).
2. Material and Methods
2.1 Study sites and sampling
Guangxi Province in southern China has a coastline of 1164 km  along the northern Beibu 
Gulf (nanning.gov.cn, 2010), the north-western part of the South China Sea (Fig. 1). This 
subtropical coast is influenced by East Asian monsoon with dry boreal winter-spring and wet 
boreal summer-autumn seasons (Wu et al., 2008). Long-term average annual precipitation is 
179 cm yr-1 but was considerably lower at 152 cm yr-1 during the study period 
(Climate.usurf.usu.edu, Beihai meteorological station, 1954-2011). During the rainy season 
daily precipitation is highly variable with periods of no rainfall. Tropical cyclones occur up to 5
times yearly between May and November and cause short-term climatic and hydrographic 
extremes (Committee of Annals of Chinese Estuaries, 1998, p. 65). On 1 October 2011, a
tropical storm originating from typhoon Nesat passed the coast and caused extreme winds 
and precipitation (Fig. 2). 
Fig. 1: Map of the Guangxi coast showing the three study areas Huangzhu River/Pearlbay, Nanliu River/Lianzhou  
Bay and Shankou Mangrove. Dark gray marks represent the location of relevant intertidal mangrove areas (not 
complete). Inlay shows the regional position of the study site. For a more detailed map of the Nanliu estuary, with 
extend of aquaculture, intertidal mangrove forest, and shallow subtidal sand flats see Kaiser et al. (2013). The 
base map was provided by Huayang Gan of the Guangzhou Marine Geological Survey.
With a length of 287 km and average discharge of 5.313 x 109 m3 yr-1 (Chen et al., 2007), the 
small Nanliu River is the most important river in Guangxi Province. The catchment area of 
9704 km² (Dai et al., 2011) is dominated by agriculture of mainly rice and sugarcane.
Zonation based on salinity distribution and geography divides the macro-tidal estuary into 
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river, inner and outer estuary, and bay (Kaiser et al. 2013). In the estuary, the mangroves 
Aegiceras corniculatum and Kandelia candel cover intertidal islands and river banks. 
Deforestation has decreased the forest area from 1790 ha in the early 1990s (Li and Lee, 
1997) to just approximately 515 ha in 2011, mainly due to conversion into aquaculture ponds. 
Approximately 6,500 ha of brackish water shrimp culture cover the landward area of the inner 
estuary and are mostly enclosed by flood protection dykes and connected to the estuary via 
drainage channels. Without operations during dry season, pond effluents are discharged only 
twice annually after harvest during the wet season. Semi-enclosed Lianzhou Bay has an 
area of 237km², 70% of which comprise the shallow subtidal sandbanks of the outer estuary 
(Jiang et al., 2008) and tidally exchanges water with the Beibu Gulf across a 24.4 km wide 
opening (Sun et al., in press). Along the coast mixed diurnal-semidiurnal tides have a range 
of up to >5 m (Committee of Annals of Chinese Estuaries, 1998).
Fig. 2: Climatic conditions during the sampling periods of 2010 and 2011. The solid black line represents daily 
rainfall amount, the dotted black line represents daily mean temperatures, and the solid gray line represents 
visibility as an indicator for relative light availability. The gray area represents long-term (1954-2011) mean 
monthly rainfall amount (Source: Climate.usurf.usu.edu, Beihai meteorological station, 1954-2011). Dashed boxes 
represent sampling periods.
Located about 85 km west of the Nanliu estuary, the Huangzhu River is a smaller, clear river 
debouching into Pearl Bay, which opens to the Beibu Gulf through a narrow, 3.3 km wide, 
passage. The hilly catchment area is unsuitable for large scale agri- or aquaculture and 
human activities concentrate on eucalyptus silviculture. Estuarine mangrove areas are larger 
than in the Nanliu/Lianzhou area and protected by the Beilun Estuary National Level 
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Reserve. About 75 km east of Nanliu estuary, the Shankou Mangrove Reserve has no river 
influence. The relatively undisturbed mangrove forest covers the outer part of a small valley
surrounded by steep hills. The inner part is occupied by a small area of wet rice agriculture. 
Hydrodynamics are governed by macrotidal exchange with the Beibu Gulf.
During Aug.-Oct. 2010 and Feb.-Apr. and Aug.-Oct. 2011 surface water was sampled during 
high tide in the Nanliu River, inner and outer estuary, and Lianzhou Bay. At several stations,
bottom or river bank surface sediment samples were obtained. In spring and summer 2011, 
tidal sampling was carried out during diurnal spring and semi-diurnal neap tides at fixed 
stations in a mangrove fringed channel of the estuary and at the boundary between outer 
estuary and bay. During tidal samplings, we measured surface current velocity using a half 
filled floating water bottle attached to a 10 m soft thread and noting the average of triplicate 
floating time measurements. Additional water samples were taken from shrimp ponds, 
covering different stages of the production cycle. Mangroves were sampled for fresh leaves 
and surface sediments. Surface water in the Huangzhu River and its estuary, and mangrove 
leaves and sediments were sampled in March 2010. In the Shankou Mangrove, water 
samples were obtained during tidal sampling in a large drainage channel during April 2011, 
together with surface sediments from the mangrove.
3.2 Sample preparation and analysis
Water temperature, salinity, and pH were measured instantly using a Hach-Lange HQ40D 
multisensor. Dissolved oxygen was measured directly in the surface waters using a Hach-
Lange LDO101 optode. Water depth and transparency were measured with a handheld echo 
sounder (Echotest II) and a Secchi disk, respectively. All water samples were stored cool and 
dark in sample-rinsed 10 L PE canisters during field excursions and filtered onto pre-
combusted (>4 h at 450°C) and pre-weighted GF/F glass fiber filters with a nominal pore size 
of 0.45 μm as soon as possible, generally within 24 h. Filters for SPM, sediments and leaves 
were dried at 40°C to constant weight and stored together with hydrophilic silica until analysis 
at the Leibniz Center for Tropical Marine Ecology (ZMT), Bremen, Germany, within 
10 weeks. For phytopigment analysis triplicate samples were filtered onto GF/F filters and 
frozen in aluminum foil.
Chlorophyll a contents of all SPM samples were analyzed in the laboratory of the Guangxi 
Mangrove Research Center (GMRC), Beihai, using a Raylight UV-1801 automatic 
spectrophotometer. Corrected and uncorrected concentrations of Chlorophyll a and 
pheaophytin were determined on triplicate filters by standard trichromatic methods as 
described by French (2010). In brief, pigments were extracted in 90% acetone in the dark at 
4°C over night. After centrifugation, the absorbance of the extract was measured against 
90% acetone at 630 nm, 647 nm, 664 nm, 665 nm, and 750 nm before and 60 seconds after 
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acidification with hydrochloric acid. Pretests had shown that absorbance of the extracts does 
not change after acidification for 60 or 90 seconds. Formulas given by Lorenzen (1967) and 
Jeffrey and Humphrey (1975) were used for calculations of pigment concentrations. 
Before analysis of particulate matter all samples were re-dried for 24 h at 40°C; sediment 
and leaf samples were homogenized in a Retsch PM100 planetary mill and Retsch CM 
centrifugal mill, respectively. Total carbon (TC) and nitrogen (TN) content of all samples were 
analyzed by high-temperature combustion in a Carlo Erba NA 2100 elemental analyzer. 
Organic carbon (OC) was analyzed similarly after removal of inorganic carbon by 
acidification with 1 N hydrochloric acid and subsequent drying at 40°C. Precision of the 
measurements, as relative standard deviation of repeated measurements of OAS standard 
material, was 3.8% for OC and 2.4% for TN. For plant material apple leaf standard was used 
and relative standard deviations were 1.7% for OC and 2.7% for TN. The isotopic 
composition of OC (?13C) and TN (?15N) was determined with a Thermo Finnigan Delta Plus 
gas isotope ratio mass spectrometer following high-temperature combustion in a Flash 
112EA elemental analyzer, and are given in ‰-denotation in reference to the PDB standard 
and atmospheric nitrogen, respectively. Analytical precision, as relative standard deviation of 
repeated measurements of pepton standard, was 0.4% and 2.4%, respectively.
Filters from transect sampling in the Nanliu estuary SPM were analyzed for their total content 
of hydrolysable amino acids (AA) and hexosamines (amino sugars, AS) by chromatographic 
separation in a Biochrom 30 amino acid analyzer following hydrolysation with 6 N
hydrochloric acid for 2 h at 110°C. To compensate for losses during hydrolysis, AS 
concentrations were corrected with a factor of 1.4 (Müller et al., 1986). After derivatisation 
with o-Phtaldialdeheyd and mercaptoethanol the following monomers were detected 
fluorometrically: alanine (ALA), arginine (ARG), aspartic acid (ASP), glutamic acid (GLU), 
glycine (GLY), histidine (HIS), isoleucine (ILE), leucine (LEU), lysine (LYS), methionine 
(MET), ornithine (ORN), phenylalanine (PHE), serine (SER), taurine (TAU), threonine (THR), 
tyrosine (TYR), valine (VAL), ?-alanine (b-ALA), ?-aminobutyric acid (g-ABA), galactosamine 
(GALAM), glucosamine (GLUAM). Based on repeated standard solution measurements 
relative standard deviation of monomer concentrations was 0.1-2.5 (average 0.8) % except 
of ORN which had lower precision of 2.2-4.6%. Since ORN contributes <2% of total AA and 
is not included in degradation or reactivity index the low precision has negligible effects on 
data evaluation. Reactivity Index (RI) was calculated as the molar ratio of TYR+PHE to the 
non-proteinogenic AA b-ALA+gABA following Jennerjahn and Ittekkot (1999). As an indicator 
for organic matter degradation we calculated the degradation (DI; using molar percentages of 
ASP, THR, SER, GLU, GLY, ALA, VAL, MET, ILE, LEU, TYR, PHE, HIS, ARG) as described
by Dauwe et al. (1999).
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Huangzhu and Shankou dissolved inorganic nitrogen samples were directly filtered into 
HDPE bottles through disposable mixed ester-cellulose filters with a nominal pore size of 
0.45 ?m and conserved with mercury chloride. Samples were kept on ice in the dark during 
field excursions and frozen upon arrival at the laboratory. Analyses were done 
spectrophotometrically for nitrate and nitrite and fluorometrically for ammonium at the 
laboratory of the ZMT. For a more detailed description of sampling and analysis see Kaiser 
et al. (2013).
A Cluster Analysis (Euclidean distance, Ward’s method) was performed in STATISTICA 11 
on SPM samples from the Nanliu area (excluding aquaculture samples), using SPM and 
chlorophyll a concentra?????????? ???????? ??? ?????? ?????????????? ??????? ?13??? ?15N, and 
salinity as variables. For statistical tests we used the SigmaPlot 12.3 software package. One-
way ANOVAs were employed to test for differences between zones during one season 
and/or for temporal differences within one zone as well as between clusters. Two-way 
ANOVAs were used for differences in isotopic composition of mangroves from different 
species and sites. Significantly different groups were identified by Student-Newman-Keul's
post-hoc method. We used t-tests to compare pre and post-storm SPM composition in Nanliu 
River and high and low tide samples in Shankou mangrove. Significance level is ??????????
Where assumptions for parametric statistics were violated data was root of log transformed 
before testing.
3. Results
3.1 Suspended particulate matter
SPM concentrations in Nanliu River ranged between 9.5 and 211 mg L-1, with highest 
concentrations of >100 mg L-1 following the tropical storm in October 2011 (Fig. 3a).
Excluding these extreme values, concentrations were significantly higher during spring than 
summer (one-way ANOVA, P < 0.05). Correlation with salinity was low during seasonal 
transect samplings (R2 = 0.01-0.51) and individual tidal samplings (R2 = 0.03-0.57).
Concentrations decreased significantly from inner to outer estuary during spring, but else 
were not significantly different between zones. In Lianzhou Bay concentrations ranged 
between 4.5 and 31.4 mg L-1 and were significantly different between all seasons (Fig. 3a).
Highest variability as well as minimum and maximum concentrations (excluding post-storm
values) occurred at tidal stations. Concentrations were higher during low than high tide 
(Fig. 4). The organic carbon (%POC, 1.6-10.2%) and total nitrogen (%N, 0.2-2.2%) contents 
of riverine SPM were higher during summer than spring, but there was no seasonality in 
mass POC and PN concentrations of the water column. In coastal waters %POC and %N
were higher during spring, coinciding with high chlorophyll a (CHLa) concentrations of up to
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Fig. 3a: Variation of suspended particulate matter concentration and bulk characteristics as well as isotopic 
???????????????????????????????13??????????????????15N) along the continuum from river to bay; values are shown 
as means with standard deviation; the first panel also shows the general salinity distribution on a secondary 
variable axis in increments of ten; values from stations at -1 km and 7 km represent spring and neap tide 
sampling over 25 hours; post-storm samples were obtained shortly after tropical storm associated rains in 
October 2011; sediment values are averages (without SD) across seasons; zones are according to Kaiser et al.
(2013), and do not apply for samples from Huangzhu River estuary, in which the most upriver sample was 
obtained from freshwater.
26 μg L-1 in the outer estuary and 46 μg L-1 during tidal sampling (Fig. 4b). In the river CHLa 
was extremely variable (1.3-31.2 μg L-1) and higher during summers but minimal after 
extreme precipitation. The contributions of amino acids to POC (AA-C%) and PN (AA-N%) 
were 11.6 to 47.7% and 8.7 to 84.3%, respectively. Both values increased from the river to
the bay during spring but decreased during summer (Fig. 3b). There was no strict seasonal
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Fig. 3b: Variation of chlorophyll a concentration as well as chlorophyll and amino acid related indicators for OM 
freshness along the continuum from river to bay; values from stations at -1 km and 7 km represent spring and 
neap tide sampling over 25 hours; post-storm samples were obtained shortly after tropical storm associated rains 
in October 2011; values are shown as means with standard deviation; standard deviations of chlorophyll and its 
related indices exceed the average in some cases but are equal in plus and minus direction.
pattern, and AA-C% and AA-N% did not decrease significantly after extreme rain.  There was
no significant seasonal difference in carbon and nitrogen elemental (C/N) and isotopic rations 
??13???????15N, respectively) in Nanliu River (One-way ANOVA, P > 0.05), but there was a
significant difference between pre and post-storm ???? ?????? ???? ??????? ?13C (-27.74 
vs. -??????????????15N (10.44 vs. 5.07‰) in summer 2011 (t-test, P < 0.05), indicating that 
storm events alter ??????????????????????????????????????13???????15N were higher in coastal 
waters relative to the river, but C/N did not change. 
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Fig. 4: Changes of water depth, salinity, and temperature as well as suspended particulate matter and chlorophyll 
a concentrations, and stable isotope composition of ?????????????????????????????13??????????????????15N) during 
diel tidal cycles at neap and spring tides in spring and summer 2011 in the mangrove-fringed Nanliu River Estuary 
(a) and the interface between outer estuary and Lianzhou Bay (b). Gray panels represent night time dark hours. 
Dashed lines in the depth plot of (a) indicate the water depth necessary to inundate the mangrove sediment
In aquaculture pond water, summer SPM concentrations exceeded river and bay
concentrations and contained significantly higher %POC and %N (Tab. 1). Ponds also held 
highest concentrations of CHLa. The C/N as well as AA-C% and AA-N% of aquaculture SPM 
was similar to that in the estuary, and ?13C was intermediate between riverine and coastal 
values. Values of ?15N were lower than elsewhere in the system. Aquaculture values for 
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spring are also given in Tab. 1 for completeness, but are not discussed in the following as 
they  have  neg l ig ib le  e f fec ts on  par t i cu la te  dynamics  (see  Sec t ion 2 .1 ) .
In the Huangzhu River, SPM concentration was considerably lower than in the Nanliu River 
but increased to comparable values within the estuary (Tab. 1, Fig. 3a). Contrarily, %POC
and %N were higher in Huangzhu River but decreased in the estuary, where lowest overall 
values were measured (Tab. 1). The decrease in %N was lower, resulting in a decrease of 
C/N, which also is below levels in the Nanliu estuary. SPM shows lowest ?13C and ?15N
across the study area. In the Shankou Mangrove, we regard low tide values as 
representative for mangrove-derived material as samples were obtained during late ebb to 
early flood tides and have minimal marine influence. High tide samples are considered 
marine as they show significantly different characteristics (Tab. 1) and were obtained during 
marine conditions at salinities around 32 (Fig. 5). Low tide mangrove samples had higher 
SPM concentrations but lower %POC and %N than high tide marine samples. Mangrove 
samples also had significantly (t-test, P > 0.001) higher NH4 concentrations but lower ?15N
values in SPM. Marine SPM concentrations and composition were comparable to those in 
Lianzhou Bay, albeit slightly lower ?13C and ?15N (Tab. 1).
Fig. 5: Tidal variation of salinity and water depth as well as ammonium (NH4)
concentration and nitrogen stable isotope signature (?15N) of suspended 
particulate matter in the Shankou Mangrove system. Samples obtained 
during high tide and referred to in the text as marine are marked +, 
mangrove samples obtained during low tide are marked x. The gray area 
marks night time darkness.
3.2 Cluster analysis
Cluster analysis identified six distinct groups of SPM in the Nanliu area (Tab. 1 and 2).
Cluster 1 (marine) contains most samples from the bay and those from the outer estuary 
obtained during sampling in Lianzhou Bay, as well as all high tide samples from the outer
tidal station. It only comprised few high tide samples from the mangrove tidal station and 
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none from the inner estuary or river. This marine cluster is characterized by highest average 
salinity (26.57), %POC (5.29%), %PN (0.91%), ?15N (8.84‰), DI (0.86), RI (13.79), AA-N% 
(57.17), AA-C% (31.90), AAmg/g (59.83), and AA/AS (29.80), and lowest average SPM 
concentration (12.05 mg L-1) and POC/CHLa (156.21), and low C/N (6.87). Cluster 2 (outer 
estuary) has slightly lower salinity than cluster 1. Samples were mostly obtained during high 
tide at the mangrove and low tide at the bay tidal stations, as well as from the outer estuary 
at high salinity, but not from the inner estuary or river. The cluster also contains samples 
obtained from the bay in late summer 2010 during a period of strong rain and wind and dark 
overcast sky. This cluster showed lowest averages of CHLa concentration (4.02 μg L-1), 
%POC (1.93%), and C/N (6.79), but highest average ?13C (-22.91‰). Amino acid related 
values are slightly lower than in cluster 1.
The four remaining clusters reflect different conditions in the river and contain no samples 
from the bay or high tide tidal samplings. Cluster 3 (upriver) includes dominantly river 
(n = 18) samples, including the most upriver station (n = 3), and inner estuarine (n = 20), but 
few outer estuarine (n = 8) samples. It includes several low tide samples from the mangrove 
tidal station but only 2 lowest tide samples from the near bay station during high discharge 
season. Low average salinity (3.48), SPM (24.88 mg L-1), and ?13C (-25.55‰) characterize 
this cluster. Cluster 4 (river) has a similar sample site composition as cluster 3, dominated by 
stations from the river and inner estuary and only low salinity outer estuarine and tidal station 
samples. Concentrations of CHLa and SPM are significantly higher than in cluster 3 but 
AA-derived values and %POC and %N are slightly lower. Cluster 5 (resuspension) 
comprises only few samples (n = 16) of which most were obtained in the inner estuary during 
low water level and during high tidal current speed in the mangrove tidal station in spring 
2011. The dominance of tidal (n = 11) and spring seasons samples caused intermediate 
salinity (7.27) and significantly lower temperature (17.65°C) relative to other clusters. High 
POC/CHLa (458.44) and C/N (8.68), as well as low %POC (2.23%) and %N (0.30%), relative 
to clusters 3 and 4, indicate that high SPM concentration (83.79 mg L-1) is caused by 
resuspension of sediments. Cluster 6 (post-storm) contains all samples collected after the 
extreme rain caused by tropical storm Nesat (n = 5) and one additional sample from 
mangrove tidal station in spring 2011. It hence represents post-storm conditions with 
maximum SPM concentrations (171.29 mg L-1), POC/CHLa (720.96) and C/N (12.82) ratios, 
and minimum average %POC (2.03%) and %N (0.23%).
Temperature is generally not different between clusters (with the exception of cluster 5) and 
large clusters (1, 3, and 4) contain samples from all seasons, indicating that seasonal 
differences in SPM concentrations and composition are not pronounced enough to influence 
clustering. 
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3.3 Sediment and plant samples
Organic carbon and total nitrogen content in sediments collected along the estuary ranged 
from 0.03-3.18% and 0.01-0.26%, respectively, and decreased from riverine to marine 
sediments (Fig. 3a, Tab. 1). Sedimentary C/N has a range of 5.43 to 14.89 and, other than 
SPM, showed a clear decrease from river to bay. Sedimentary ?13C and ?15N, ranging 
from -27.70 to -20.49‰ and from 6.51 to 9.00‰, respectively, clearly increased along the 
continuum.
Fig. 6: Bivariate plots of carbon and nitrogen elemental and stable isotope ratios in different particulate matter 
sources along the Nanliu estuary; values are pooled averages from all campaigns with standard deviations. The 
first plot also shows literature values for freshwater and marine phytoplankton (PP), C3 and C4 plants, and 
sewage (Bender, 1971; Bristow et al., 2012; Maksymowska et al., 2000 and references therein).  
Mangrove sediments in the Nanliu estuary had a similar range of %POC and %N, with 
0.63-2.89% and 0.06-0.26, respectively, but higher average values than the surrounding 
estuary (Tab. 3). Sedimentary %POC was similar in the mangroves of the Huangzhu estuary 
(0.88-2.22%) but considerably higher in Shankou Mangroves (2.03-4.36%). The C/N ratio 
was statistically similar between Huangzhu and Shankou mangroves but significantly lower in 
the Nanliu mangroves (ANOVA on Ranks, P < 0.05). Mangrove sediment ?13C was 
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significantly higher in the Nanliu area (ANOVA on Ranks, P < 0.05). Significant differences 
between all systems existed for ?15N (one way ANOVA, P < 0.001), which increased from 
2.87-4.32‰ in Huangzhu to 6.33-7.11‰ in Shankou and 6.51-9.00‰ in Nanliu mangroves.
Leaves of the two mangrove species do not have significantly different ?15N or ?13C. 
Mangroves of the Nanliu area have significantly higher leaf ?15N than those of the Huangzhu 
area (two-way ANOVA, P < 0.001). In both mangrove areas leaves have lower ?13C but 
higher C/N than sediments. Mangrove leaves are also carbon enriched compared to other 
plants, particularly rice, which had lowest C/N (Fig. 6, Tab. 3). Fresh eucalyptus leaves 
showed lowest ?13C and ?15N. 
Tab. 3: Carbon and nitrogen concentrations, elemental and stable isotope ratios in suspended and sedimentary 
particulate matter and plant material from the Nanliu, Huangzhu and Shankou areas; values are pooled averages 
from all campaigns and standard deviations. 
4. Discussion
4.1 Concentrations and fluxes of suspended particulate matter
The Nanliu River carries intermediate concentrations of suspended particulate matter 
compared to other rivers  (Bouillon et al., 2007a; Burns et al., 2008; Davies, 2004; Gao et al., 
2007; Jennerjahn et al., 2008, 2004; Unger et al., 2013), including some major Chinese 
streams (Ni et al., 2008; Zhang et al., 1998), but concentrations are lower than in the 
Changjiang (Ittekkot and Zhang, 1989; Mao et al., 2010; Wang et al., 2012) and Huanghe 
(Ittekkot and Zhang, 1989; Mayer et al., 1998; Wang et al., 2012). The Red River, also 
debouching into the Beibu Gulf, carries considerably higher SPM concentrations (Dang et al., 
NANLIU area n
river SPM 30 3.64 ± 1.92 0.62 ± 0.40 -26.32 ± 1.27 7.54 ± 2.20 7.10 ± 1.50
aquaculture SPM 26 17.41 ± 10.65 3.15 ± 2.21 -25.14 ± 1.63 5.10 ± 2.32 7.06 ± 2.41
bay SPM 14 3.25 ± 2.46 0.63 ± 0.50 -22.21 ± 1.32 8.81 ± 1.47 6.53 ± 1.83
Aegiceras corniculatum 26 49.55 ± 1.69 1.22 ± 0.17 -29.55 ± 1.42 7.82 ± 1.39 48.25 ± 6.39
Kandelia candel 6 49.25 ± 1.14 1.23 ± 0.16 -28.83 ± 0.61 7.26 ± 0.96 47.18 ± 5.66
eucalyptus 7 52.41 ± 2.26 1.72 ± 0.20 -30.74 ± 1.05 2.14 ± 1.52 35.98 ± 4.24
rice 2 43.41 ± 0.52 4.18 ± 0.65 -29.33 ± 0.23 4.11 ± 2.60 12.27 ± 2.05
marshgrass 2 39.86 ± 0.37 1.34 ± 0.22 -12.56 ± 0.14 8.86 ± 0.29 35.03 ± 5.50
inner estuary sediment 16 1.18 ± 0.75 0.11 ± 0.07 -22.96 ± 1.76 6.97 ± 1.12 12.39 ± 1.43
river mouth sediment 7 0.39 ± 0.32 0.05 ± 0.04 -21.24 ± 1.29 9.00 ± 0.59 9.46 ± 1.51
outer estuary sediment 8 0.10 ± 0.03 0.02 ± 0.00 -19.53 ± 2.90 10.04 ± 0.50 7.82 ± 1.52
mangrove sediment 36 1.58 ± 0.52 0.15 ± 0.04 -23.98 ± 1.55 7.70 ± 0.51 12.71 ± 2.16
HUANGZHU area
river SPM 1 12.32 2.54 -29.34 2.12 5.65
estuary SPM 2 1.00 ± 0.26 0.24 ± 0.06 -25.56 ± 0.03 3.97 ± 0.03 4.88 ± 0.01
Aegiceras corniculatum 11 49.01 ± 1.87 1.13 ± 0.19 -28.58 ± 0.98 4.61 ± 1.18 51.69 ± 7.57
Kandelia candel 4 47.38 ± 1.97 1.18 ± 0.09 -28.56 ± 0.64 5.19 ± 0.72 46.96 ± 4.13
mangrove sediment 7 1.64 ± 0.50 0.09 ± 0.02 -26.50 ± 0.46 3.77 ± 0.51 21.23 ± 4.63
SHANKOU area
marine SPM 7 5.39 ± 1.47 0.87 ± 0.34 -24.08 ± 0.61 6.78 ± 0.50 7.57 ± 1.28
mangrove SPM 7 4.45 ± 0.60 0.74 ± 0.16 -25.44 ± 0.26 2.41 ± 0.60 7.18 ± 1.27
mangrove sediment 10 2.81 ± 0.63 0.19 ± 0.04 -25.32 ± 0.67 6.69 ± 0.26 17.25 ± 2.48
?15N [‰] molar C/N%POC %N ?13C [‰]
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2010). In the Huangzhu River, upstream SPM concentration is very low (2.02 mg L-1), 
indicating low input from land. Organic carbon content of SPM (%POC) in the Nanliu River is 
low compared to other small Chinese rivers (Gao et al., 2007; Unger et al., 2013), including 
the Huangzhu River (12.32%). POC concentrations are low in global comparison (Meybeck, 
1982). Total nitrogen content in SPM (%N) is lower than in other small tropical and 
subtropical Chinese rivers (Unger et al., 2013; Huangzhu see Tab. 1), but still high compared 
to large Chinese rivers (Ittekkot and Zhang, 1989; Milliman et al., 1984; Wu et al., 2007; 
Zhang et al., 2007). The resulting particulate nitrogen to carbon ratio (C/N) is generally close 
to the Redfield ratio, and thus lower than the average of world rivers (Meybeck, 1982).
SPM concentrations in the river are only seasonally significantly different if post-storm 
samples are excluded, and riverine clusters 3 and 4 contain samples from all seasons, 
suggesting that sub-seasonal tidal and meteorological events dominate temporal variability. 
Tidal currents and wind force can lead to resuspension of sediments (Guillén et al., 2006; 
Prins et al., 1997 and references therein; Smith et al., 2005). Resuspension is indicated by 
highest SPM concentrations during low tide in tidal samplings (Fig. 4). Low correlation with 
salinity (R2 = 0.03-0.57) shows that mixing of river and marine waters only explains 3-57% of 
the variability in SPM concentration. Thus, cluster 5 (resuspension) with second highest SPM 
concentrations comprises mostly tidal station samples obtained during midebb and midflood 
tide, when erosion of bed sediments by tidal currents is strongest (see Middelburg and 
Herman, 2007). Extreme storm-associated rain caused a significant (t-test, p < 0.01) 10-fold 
increase in SPM concentrations from 16.90 before to 164.75 mg L-1 after the event (Fig. 3a), 
and post-event samples dominate cluster 6. Excessive rain causes highest SPM 
concentrations through enhanced input from eroding agricultural surfaces. This short-term
variation contrasts the pronounced seasonal pattern of suspended matter concentrations of 
the Changjiang (Gao et al., 2012; Mao et al., 2010; Milliman et al., 1984) and other large 
rivers (e.g. Dang et al., 2010; Gupta et al., 1997; Ittekkot et al., 1985), but is similar to the 
flush driven variability found in other small Chinese rivers, where smaller catchment size 
facilitates rapid response to episodic events (Chen and Hong, 2011; Herbeck et al., 2011; 
Unger et al., 2013).
Using average concentrations (incl. extreme values from post-storm event) and annual water 
discharge, we calculated riverine fluxes of SPM, POC, and PN (Tab. 4). The SPM flux from 
the Nanliu River is two orders of magnitude lower than the long-term average flux of 89 x 106
t yr-1 from the larger Red River (Dang et al., 2010). This low contribution of the Nanliu River to 
particle fluxes into the Beibu Gulf contrasts its disproportionately high contribution to 
dissolved matter fluxes (Kaiser et al., 2013). Due to high discharge of dissolved nitrogen 
(Kaiser et al., 2013), the mass ratio of DIN to PN discharge is 8.7, and particulate nitrogen 
contributes only 7.5% to the total nitrogen flux in the Nanliu River. Similarly, in the 
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Changjiang and its tributaries particulate nitrogen contributes <10% of total nitrogen (Liu et 
al., 2003). High inorganic fertilizer inputs from agricultural hinterland cause the dominance of 
dissolved nitrogen in both rivers. The dominance of DIN over PN fluxes has been associated 
with strong human impact on nitrogen export (Seitzinger et al., 2002a). Thus, the low DIN/PN 
ratios of only 2.5 and 1.8 in the Huangzhu estuary and Shankou Mangrove, respectively, are 
consistent with assumed lower human impact.
Tab. 4: Mass inputs of suspended particulate matter, carbon and 
nitrogen into the Nanliu estuary from the river and shrimp pond 
aquaculture. Yields are also given. Wet season is from May to 
October, dry season from November to April; summer inputs from 
aquaculture refer to two mass inventories on the basis of two harvest-
associated complete pond discharges, winter influence is negligible 
due to interrupted operations. 
SPM POC PN
NANLIU River
wet season 2010 flux [t] 164,716 5,865 1,072
dry season 2010-2011 flux [t] 19,719 575 89
wet season 2011 flux [t] 361,745 8,350 1,236
average annual flux [t] 284,623 7,968 1,259
average yield [kg ha-1 yr-1] 293.3 8.2 1.3
AQUACULTURE
summer 2010 input [t] 12,513 2,027 359
summer 2011 input [t] 6,935 1,451 307
average yield [kg ha-1 yr-1] 1,532 269 51
Fluxes are about one order of magnitude higher during the high discharge seasons (Tab. 4). 
Due to the inclusion of post-storm samples in 2011, wet season fluxes of SPM, POC and PN, 
respectively, were 54%, 30%, and 13% higher compared to 2010. Similarly, flood events can 
contribute ~45% of the annual POC flux in the Pearl River (Sun et al., 2007). Since 
precipitation-related flush events regularly affect many rivers, they need to be included in 
global land-ocean flux budgets in order to avoid biased estimates. Stronger wet season 
export results in significantly higher summer SPM concentrations in Lianzhou Bay 
(P < 0.001; Fig. 3a). Significantly higher summer marine SPM concentration in 2010 than 
2011 (P = 0.002) underline the importance of precipitation, which in the month before 
sampling was 394 mm and 88 mm, respectively. 
4.2 Composition and sources of suspended particulate matter
???? ?13C of SPM from the Nanliu and Huangzhu Rivers are within the range generally 
attributed to organic matter dominated by terrestrial C3 plants (-33 to -22‰; Bender, 1971),
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which overlaps with ranges of freshwater phytoplankton (-34 to -26‰; Bristow et al., 2012 
and references therein) and sewage (-28 to -23‰; Andrews et al., 1998; Thornton and 
McManus, 1994). The molar C/N ratio however, is lower than that expected from terrestrial 
plants (16 to >20; Hedges and Oades, 1997; Hedges et al., 1988; Maksymowska et al., 
2000) or their soils (usually >12, Savoye et al., 2012), and that of sewage-derived SPM (>11, 
Andrews et al., 1998; Sweeney et al., 1980; Thornton and McManus, 1994). It is close to the 
ratio typical of autochthonous river OM (e.g. Bristow et al., 2012) and phytoplankton 
(Redfield et al., 1963). ????????? ?13C is high within the range reported for riverine 
phytoplankton (Fig. 6), suggesting some contribution of marine phytoplankton with higher 
?13C (-23 to -17‰, see e.g. Bouillon et al., 2008). This reflects tidal upstream transport of 
coastal production. High chlorophyll a concentrations in the river (up to 31 μg L-1) and 
generally low POC/CHLa values reflect high in situ phytoplankton production. These values 
reflect freshwater eutrophication (Smith et al., 1999) due to strong nutrient supply from 
agricultural runoff (Kaiser et al., 2013). High riverine chlorophyll a corresponds to high 
percentage of agricultural land-use in the watershed (Hopkinson et al., 1998).
?????????13C and high C/N of mangroves and eucalyptus (Tab. 3, Fig. 6) indicate that they 
contribute negligibly to particulate matter in the Nanliu estuary. Low mangrove influence is 
due to their limited distribution and the rapid tidal export of intact leaves. As in other rivers 
(Hedges et al., 1986; Jennerjahn et al., 2004)?? ???? ????????? ?13C signal of sugarcane (-13 
to -14‰, Andrews et al., 1998; Yu et al., 2010) is not reflected in river SPM, despite high 
sugar production in the watershed (Lagos et al., 2011). Similarly, ?13C of rice suggests low 
contribution to riverine SPM (Tab. 3, Fig. 6). The quantitative removal of sugarcane and rice 
processing products for direct use (Fan et al., 2007; Li et al., 2001; Pimentel and Kounang, 
1998; Zhu et al., 2007), probably minimizes introduction into the river. In combination with the 
low C/N ratios in the Nanliu River, AA-C% of >19% in the river zone and upriver cluster 3 
(Tab. 2) confirms low contribution of AA-C poor plant and soil material. The low contribution 
of terrestrial soil-derived organic matter differs from many large rivers (Hedges et al., 1997),
but may be a general pattern in nitrogen polluted estuaries when SPM concentration is 
moderate (e.g. Jennerjahn et al., 2004; Middelburg and Herman, 2007; Unger et al., 2013),
probably because in situ production is not limited by nitrogen or light availability.
Low POC/CHLa <200 confirm the dominance of phytoplankton in the river (Cifuentes et al., 
1988; Savoye et al., 2012), and high DI, RI, AA-C%, AA-N%, %POC and %N reflect fresh 
primary production during summer (Aug.-Sep. 2010, Fig. 7). Reduced productivity appears to 
result in net degradation of riverine OM from autumn (October 2010) to early spring (March 
2011), after which rapidly increasing productivity forms fresh POM in late spring (April) 2011. 
RI, AA-C%, AA/AS, POC/CHLa, %POC, and %N indicate highest riverine productivity during 
regular summer conditions (September) of 2011. The higher productivity compared to 
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summer 2010 is probably due to relatively long preceding warm, clear and dry meteorological 
conditions (Fig. 2), which resulted in minimum SPM concentrations due to low terrestrial 
surface runoff (16.9 mg L-1, Fig. 7), and provided favorable conditions for phytoplankton 
productivity.
Fig. 7: Subseasonal variability of suspended particulate matter concentrations and its properties in Nanliu River. 
“Post” refers to samples obtained shortly after tropical storm-associated rains in October 2011.
Freshness of riverine POM drastically decreases following extreme precipitation events. 
?????????????? ????????? ???? ???? ?13C in post-event samples (P < 0.001, Fig. 3a) reflect 
enhanced inputs of agricultural soil (8.9, -21.7‰, Yu et al., 2010). Low CHLa concentration, 
%POC, and %N reflect reduced in situ primary production, due to reduced light and nutrient 
availability (Kaiser et al., 2013) and to decreased residence time resulting from high 
discharge and increased flow velocity (see also Roegner et al., 2010). The runoff flush 
induces a shift in POM composition in the Nanliu River, making terrestrial OM an important 
component of estuarine particle fluxes during the storm season.
Resuspension induces a similar composition change toward degraded OM, as shown by low 
%POC and %N but high C/N and POC/CHLa, as well as low DI, RI, and AA/AS values in 
??????????????????????????????????13C than in river clusters 3 and 4 confirms the introduction 
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of 13C enriched sediments into the water column (compare Fig. 6). Cluster 5 is dominated by 
tidal samples from the inner estuary obtained during above average current velocity, 
suggesting that tidal currents have a dominant effect on resuspension. Tidal currents were 
significantly stronger in the inner than outer estuary (0.6 and 0.2 m s-1, respectively, 
P < 0.05), and within the inner estuary were significantly stronger during summer than spring 
(0.8 and 0.4 m s-1, respectively; two-way ANOVA, season and zone as factors, P < 0.05). 
Consequently strongest resuspension caused slightly increasing SPM concentrations in the 
inner estuary during summer, concurrent with decreasing values of %POC, %N, ?15N, and 
some amino acid derived indicators (AA/AS, AA-C%, RI) and increasing POC/CHLa 
(Fig. 3b). Non-tidal station samples within cluster 5 were obtained during spring at the end of 
a period (10 days) of significantly higher daily average and maximum wind velocity than 
during summer (data from climate.usurf.usu.edu, not shown), indicating that besides tidal 
currents strong wind has a considerable effect on sediment resuspension. Resuspension 
thus influences estuarine particle concentrations and composition in the inner estuary during 
particularly strong tidal or wind action.
?????13C of SPM shows an increase with salinity (Fig. 3a) typical for many estuaries due to 
the increasing contribution of 13C enriched marine phytoplankton (e.g. Hedges et al., 1997; 
Middelburg and Nieuwenhuize, 1998; Unger et al., 2013; Yu et al., 2010). Maximum DI, RI, 
and AA/AS, as well as lowest POC/CHLa in cluster 1 (Tab. 1 and 2) and in the outer estuary 
and bay (Fig. 3b) show that in situ primary production is highest in coastal waters. This is 
driven by high nutrient supply from the Nanliu River (Kaiser et al., 2013), and results in 
higher chlorophyll a concentrations than in coastal waters of southern China (Huang et al., 
2003; Xu et al., 2012). Seasonal averages of 3.7-6.5 μg L-1 show that Lianzhou Bay is highly 
eutrophic (Smith et al., 1999) and in situ primary production provides a source of 
autochthonous particles to Lianzhou Bay. Coastal productivity peaked in late spring, as 
evident from maximum POM freshness indicated by highest %POC, %N and a high 
contribution of amino acids to OM (AA-C% and AA-N%). Boosted by high water transparency 
and sufficient nutrient supply, this productivity resulted in high POC, PN and CHLa 
concentrations despite the lower bulk SPM concentrations compared to summer (Fig. 3a). 
Maximum productivity during spring blooms in Lianzhou Bay has been reported before 
(Chen, 1997; Committee of Annals of Chinese Estuaries, 1998). However, RI and AA/AS 
indicate highest reactivity during summer 2011. In contrast, during summer 2011 we 
observed lowest coastal RI (i.e. lowest reactivity) indicating that reactivity varies on a sub-
seasonal rather than seasonal scale. Considerable spatial and temporal variability in the
freshness of OM in Lianzhou Bay is also indicated by variable POC/CHLa and DI. A 
prolonged dry and sunny period, that allowed high productivity in the river (see above), 
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preceded coastal sampling in summer 2011, and high RI and AA/AS values may be 
remnants from this period.
Estuarine ?13C gradients have been suggested to depend on the dominant mixing mode, with 
steep gradients between clearly different endmembers in river dominated estuaries and 
uniform values in tidal estuaries (Middelburg and Herman, 2007). In the Nanliu estuary the 
gradient varies seasonally (Fig. 3a). During early spring, low water discharge allows strong 
tidal mixing of riverine ??????????????????????????????????????????????????????????????????????13C
values along the continuum. The steeper gradient during summer is caused by higher
discharge, which increases river dominance over tidal influence and causes stricter 
separation between significantly lower ??????????13C (P < 0.05) and significantly higher ?13C in 
the bay (P < 0.001) compared to spring. This seasonal difference in hydrographic influence is 
????????????? ?????? ??????????????? ????????????????13C correlates positively with salinity in 
summer (P < 0.05, R2 > 0.4) but not in spring. Stronger contribution of river-borne material in 
coastal water and homogeneous distribution of OM along the estuary during the low 
discharge season in winter has also been observed off the mouths of the Changjiang and 
Huanghe. In marine water of these large estuaries the contribution of autochthonous matter 
increases in summer, leading to a stronger separation between riverine and marine SPM 
signals (Cauwet and Mackenzie, 1993). Control of precipitation on the temporal and spatial 
variability ??? ?13C was also reported for the Pearl River estuary (Yu et al., 2010). These 
observations show that estuaries may not strictly be governed by one mode of mixing but 
alternate between river and tidal dominance, ultimately in response to precipitation strength. 
?????????????????????????????????????????15N of SPM increases (Fig. 3a, Tab. 1) coinciding 
with rapidly decreasing DIN concentrations between these zones (Kaiser et al. 2013). Lack of 
correlation with salinity during tidal samplings (Fig. 4) suggests a process related 15N
enrichment rather than mixing of two sources. Enrichment during degradation of OM, 
observed in other estuaries (see e.g. Jennerjahn et al., 2008), can be excluded as amino 
acid derived indicators show increased productivity off the river mouth. A dominant factor 
??????????15N of estuarine SPM is uptake of residual 15NH4 during high primary production 
(Liu et al., 2007; Middelburg and Herman, 2007). Incorporation of 15NH4 increases abruptly at 
concentrations <20 μM and <30 μM in the eutrophic Delaware and Danshui estuaries, 
respectively (Cifuentes et al., 1988; Liu et al., 2007). Threshold concentrations of DIN for 
????????????15N have also been shown for estuarine macroalgae (Costanzo et al., 2003). In 
the Nanliu estuary, enhanced incorporation of 15NH4 ?????????? ?15N of SPM to 8-14‰ at 
concentrations <10 μM (Fig. 8). Concentrations <10 μM NH4 occur throughout the system but
dominate at salinities >10, i.e. in the outer estuary and bay (Kaiser et al. 2013), where 
different indices show highest primary productivity (Fig. 3b, Tab. 1, 2). Contrarily, there is no 
????????????? ???????? ?15N of SPM and NO3 concentration (data not shown), because 
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throughout the estuary concentrations are above levels driving uptake of residual heavy NO3.
The utilization of available NH4 ????????????????15N of marine phytoplankton in these coastal 
waters, but short residence time (Sun et al., in press) ?? ??????????????????????15N increase 
????????? ??? ?????? ????????? ?????? ?15N may increase by up to 20‰ (Middelburg and 
Herman, 2007).
Fig. 8: Relationship between ammonium (NH4)
concentrations and nitrogen stable isotope signature (?15N) 
of suspended particulate matter from the entire river-bay-
continuum. Ammonium values taken from Kaiser et al. 
(2013).
???????????????????????????????????13C between that of riverine and marine OM reflects the 
brackish water source of pond water with a mixture of freshwater and marine plankton 
contained in estuarine source water. The low ?15N is due to the rapid direct uptake of applied 
synthetic fertilizer with low ?15N (-3 to +3‰; Jennerjahn et al., 2008; Maksymowska et al., 
2000; Panno et al., 2006), as parti??????? ?15N is low in areas of direct excessive fertilizer 
application (see Kuramoto and Minagawa, 2001). Herbeck et al. (2012) have shown that high
N yields of aquaculture effluents have strong effects on coastal ecology in southern China. 
Though aquaculture yields in the Nanliu estuary are high compared to yields from the Nanliu 
catchment, the larger agricultural area dominates mass export of particulate matter (Tab. 4),
as it does dissolved nutrients export (Kaiser et al., 2013). The aquaculture influence on the 
Nanliu estuary is thus overshadowed by high inputs from the agricultural hinterland.
4.3 Composition of sediments along the estuary
???? ??????????????????????13C along the Nanliu estuary, reflecting the gradient observed in
SPM (Fig. 3a) and indicating an increasing contribution of marine OM in offshore direction 
(e.g. Jennerjahn et al., 2008)?? ??????? ?13C in sediments than SPM (Fig. 6) indicates 13C
enrichment during degradation of phytoplankton-derived POM (e.g. Hamilton and Lewis Jr., 
1992). Sediment OM is thus mainly composed of degrading phytoplankton, confirming the 
dominance of autochthonous material in the overlying water column. In bank sediments of 
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???? ?????? ???????? ???????? ?15N is lower than in river SPM, suggesting considerable 
contribution of 15N depleted OM-derived from aquaculture SPM to the estuarine river bank
(Fig. 6). This indicates that particulate matter leaving ponds during discharge is rapidly 
deposited nearby and persists after discharge events.
Together ????? ?13??? ???? ??????? ?15N and C/N exhibit a clear estuarine gradient though 
uniform sediment composition could be expected from tide dominated mixing (Grant and 
Middleton, 1990). Clear gradients between two distinct endmembers in other macro and 
micro tidal estuaries (e.g. Thornton and McManus, 1994; Unger et al., 2013) indicate that in 
small estuaries temporal integration in sediments compensate for tidal variability, irrespective 
of tidal regime, and more clearly than SPM separate signals of upstream and marine OM 
sources.
Mangrove sediment organic carbon and total nitrogen content, ratio and isotopic composition 
are similar to those found in other mangroves (e.g. Bouillon et al., 2007b; Jennerjahn and 
Ittekkot, 1997; Yu et al., 2010). Mangrove sedimentary OM is mostly derived from plant 
production (Bouillon et al., 2008)?????????????13C are higher in sediments than leaves (Fig. 6, 
Tab. 3), a common phenomenon that has been ascribed to the presence of bacterial 
biomass (Bouillon et al., 2008), which generally has ??????? ?13C than its OM source
(Ehleringer et al., 2000). However, sedimentary C/N between the high values of higher plant 
leaves and low values of marine SPM (Fig. 6, Tab. 3), suggests considerable contribution 
??????????????????????????13C, imported from Lianzhou Bay during high tide. C/N values of 
the two sources further converge during degradation (Ittekkot and Zhang, 1989) as they 
decrease in higher plants but increase in phytoplankton (Middelburg and Herman, 2007).
Mangrove sediments thus appear to contain a mixture of sources, dominated by mangrove 
litter, but with considerable inputs of marine OM. Highest 13C enrichment between leaves and 
sediments but lowest sedimentary C/N in mangroves of the Nanliu estuary compared to 
Huangzhu estuary and Shankou (Tab. 3) indicate strongest import of marine OM from 
Lianzhou Bay.
Though mangrove-derived organic matter may be exported to adjacent coastal areas (e.g. 
Jennerjahn and Ittekkot, 2002)???13???????15N of river mouth and outer estuarine sediments 
do not indicate mangrove OM deposition. Mangrove material also does not contribute to 
suspended or sedimentary matter in small estuaries of tropical south China (Unger et al., 
2013). Low contribution of mangroves to coastal OM is due to the recent decline in mangrove 
area in China (Bao et al., 2013; Li and Lee, 1997). It is noteworthy though, that the 
importance of mangrove material in adjacent systems is not yet conclusively delineated and
there are indications that it may generally be low in some areas (Bouillon et al., 2008).
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4.4 Tracing anthropogenic impact along the Guangxi coast
Increasing anthropogenic N loading to and concentration in estuaries is frequently 
accompanied by an enrichment of 15N in SPM (Cole et al., 2004; McClelland and Valiela, 
1998; Middelburg and Herman, 2007)?????????????????15N signature of PN a useful tracer of 
anthropogenic nitrogen pollution in aquatic and sedimentary systems (Costanzo et al., 2001; 
Heaton, 1986; McClelland and Valiela, 1998; McClelland et al., 1997; Savage, 2005). High 
DIN concentrations in the Nanliu system stem from agricultural and livestock inputs (Kaiser 
et al., 2013)?????????????????????15N of synthetic fertilizer (-3 to +3‰; Jennerjahn et al., 2008; 
Maksymowska et al., 2000; Panno et al., 2006) may cause low ?15N of PN in application 
areas (Kuramoto and Minagawa, 2001), but increases on agricultural watersheds to values 
averaging +8.8‰, with maxima of +14‰ (Kreitler, 1979), because post-application nitrogen 
transformations, including denitrification and ammonia volatilization, favor the loss of 14N
(Anderson and Cabana, 2006; Högberg, 1990). Livestock waste has similarly high ?15N
(+10‰ to +25‰; Anderson and Cabana, 2006; Panno et al., 2006). Uptake of heavy nitrogen 
by phytoplankton (Cifuentes et al., 1988; Harrington et al., 1998; Mariotti et al., 1984; 
Middelburg and Nieuwenhuize, 1998) translates the agriculture or livestock-derived signal 
into high ?15N of SPM.
In the Huangzhu and Shankou systems low DIN concentrations (8.4-12.2 μM and 
3.9-33.2 μM, respectively) and agricultural activity (pers. obs.) indicate low anthropogenic 
nutrient pollution. ??????????? ???????????????? ????????????????? ?????????15N of autochthonous 
SPM is lower in the Huangzhu River and Shankou Mangrove than in the Nanliu River 
(Tab. 3). As shown in Section ????? ?15N depends on the availability of NH4 for uptake by 
phytoplankton (Fig. 8). However, NH4 concentrations in the Huangzhu area are consistently 
<8 μM (compare Fig. 8), and indiscriminative uptake of agriculture-derived ?15N-DIN would 
not cause ?15N <4‰ in SPM, which thus rather reflects the low isotopic signal of a natural 
source material. In the Shankou Mangrove tidal station ?15N correlates linearly with NH4
(R2 = 0.82) but not with NO3 ?????????????????? ??????????????????????????15????????????????
not occur at NH4 concentrations >10 μM but dominate at <10 μM (Fig. 5). However, 
significant correlation of both ?15N (P < 0.001; R² = 0.528) and NH4 (P < 0.001; R² = 0.799) 
with salinity, and significant differences between low and high tide (t-test, P > 0.001, Fig. 5) 
suggest this to be due to mixing of a mangrove-derived source with high NH4 concentrations 
???? ?????15N-SPM signature and a marine source with low NH4 concentrations but higher 
?15N-SPM signature. High NH4 concentrations in mangrove effluents are due to nitrogen 
reducing processes in the suboxic/anoxic forest sediments (e.g. Fernandes et al., 2012; 
Morell and Corredor, 1993). Given the potential influence of degradation and fractionation on 
???????????? ?15N, differences must generally be large for effective source separation 
(Robinson, 2001). Along the Guangxi coast between-system differences are sufficiently large 
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??????????15N is thus a good tracer for the strong anthropogenic impact in the Nanliu system, 
while low values reflect relatively undisturbed condition in the Huangzhu and Shankou 
systems.
In Shankou, increased ?15N signals in allochthonous marine compared to mangrove-
associated SPM suggest that pollution is introduced with the tide from remote sources along 
the coast, including the Nanliu River. Nanliu water disperses along the northern Beibu Gulf 
coast (Chen et al., 2011), and the open morphology and lack of river runoff facilitate import of 
pollution into Shankou Mangrove. Despite westward long-shore currents in the northern 
Beibu Gulf (Wu et al., 2008)?? ??????????? ?????? ????????? ??? ?15N in the Huangzhu estuary 
suggests considerably lower import of anthropogenic material. Probably, the narrow 
morphology of the bay limits intrusion of water from remote sources, and river runoff reduces 
the effective tidal inflow of water from the Beibu Gulf. 
The gradient of anthropogenic impact between the systems is reflected in mangrove 
sediments, which are most 15N enriched in the Nanliu estuary and have higher ?15N values in 
Shankou than Pearl Bay (Tab. 3). ????????????15N in sediments adjacent to mangrove forest
are indicative of increasing contribution of anthropogenic nitrogen (Bao et al., 2013) and
influence from human impacted rivers (Kuramoto and Minagawa, 2001). Mangrove leaves 
from the Nanliu are also 15N enriched relative to Huangzhu mangroves (Tab. 3). Variations in
leaf ?15N largely depend on the sources of nitrogen accumulated by the plant (Bouillon et al., 
2008; Robinson, 2001) and values increase with exposure to anthropogenic nitrogen 
(Costanzo et al., 2004; Kuramoto and Minagawa, 2001; McClelland and Valiela, 1998). Due 
to their slower growth and immobility, higher plants have stronger temporal integration than 
phytoplankton, and their ?15N represents environmental conditions over a longer time scale 
for a fixed location despite possibly variable anthropogenic N input (e.g. Costanzo et al., 
2003). Similarly, sediments may integrate seasonal variability of inputs from different 
sources. Thus, the differences observed in leaves and sediments confirm that the gradient of 
pollution suggested by ?15N in SPM is not due to temporally different sampling, but persists 
permanently.
The results suggest that polluted areas influence remote sites, depending not only on large 
scale current patterns but also on local morphological and hydrological conditions. The 
observed long-distance transfer of polluted material is an important factor for coastal 
conservation efforts and has to be considered if nature reserves like the Shankou Mangrove 
are to be successfully protected. 
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5. Summary and conclusion
A multi-parameter approach including elemental, isotopic, and amino acid composition of 
particulate matter was successfully used to delineate sources and transformation processes 
of OM in a macro-tidal estuary under multiple human and natural influences.
Throughout the Nanliu system suspended particulate organic matter is dominated by 
autochthonous primary production and there is little evidence for direct terrestrial OM inputs. 
Consequently, sediment OM along the estuary appears to be composed mainly of 
phytoplankton detritus, except in mangroves, where litter detritus contributes importantly to 
relatively high organic matter concentrations. The high phytoplankton fraction in POM has 
important implications for benthic and costal pelagic food webs, as it is more bioavailable 
than terrestrial soil OM, providing a high quality food source for locally important commercial 
species (e.g. clams). Concentration and composition of SPM display strong subseasonal 
variability, especially in response to productivity and precipitation regimes. Extreme 
precipitation increases terrestrial runoff, introducing agricultural soil into the river and estuary. 
Seasonal precipitation patterns cause alternation in estuarine mixing with river dominance 
during high discharge season but strong tidal mixing during dry month. The annual riverine 
export far exceeds that of aquaculture effluents, despite high yields from ponds.
High riverine and marine productivity is fueled by anthropogenic nutrient inputs and reflects
eutrophic conditions. Though considerably smaller than dissolved loads, particulate matter 
loads and fluxes thus add to the export of anthropogenic nutrients from highly disturbed 
watersheds, and should be included in assessments of human impacts on land-ocean fluxes.
The study has shown that anthropogenic inputs are dispersed along the coast depending on 
current patterns as well as on local scale topography and hydrology. This has implications for 
protection, restoration and conservation of remote nature reserves. Dispersal can be traced 
????15N, which may serve as a tool for monitoring changing human influence during future 
coastal development in the region.
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Abstract
Mangrove forests can serve as either sinks or sources for different inorganic and organic 
nutrients. These processes can mitigate anthropogenic nutrient pollution and control the 
production in adjacent systems, preventing eutrophication. To uncover the functions and 
variability of nutrient dynamics in a subtropical estuarine mangrove forest we employed a 
three-way approach in mangroves of the Nanliu River estuary, Guangxi, southern China.
Porewater profiles and sediment core incubations revealed benthic early diagenesis as well 
as nutrient and dissolved oxygen exchange between sediment and water column. Qualitative
description of the entire mangrove forest source and sink function was inferred from 
sampling of estuarine tidal cycles and mangrove effluents.
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Fluxes of oxygen (O2) were always directed into the sediment, indicating heterotrophy of the 
sediment system. Modeled diffusive fluxes deviated in magnitude and direction from 
sediment-water nutrient exchange measured during incubations. There was a net influx of 
dissolved inorganic nitrogen, mainly caused by nitrate (NO3) reduction in suboxic sediment. 
Despite high porewater concentrations, phosphate (PO4) and silicate (Si) mostly showed 
influxes, probably due to uptake by microphytobenthos. Fluxes of dissolved organic carbon 
(DOC) were generally low but for high efflux in the dark following a storm event. All nutrients 
displayed temporal variability in flux magnitude (NO3, PO4, Si) or direction (ammonium, DOC),
due to an extreme storm event, which ventilate the mangrove sediment. 
On average mangrove sediments of the Nanliu River estuary act as a net sink for dissolved 
nitrogen and phosphorus. However, due to small forest area and strong anthropogenic 
impact, mangroves provide only a minor buffer for nutrient inputs to coastal waters of the 
South China Sea.
Keywords
Benthic fluxes; early diagenesis; Nanliu Estuary; nutrient filtration; storm impact; sediment 
incubation
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1. Introduction
Coastal ecosystems are under increasing stress from anthropogenic eutrophication. The 
enhanced land-ocean flux of dissolved nutrients leads to phytoplankton community shifts and 
production increase, causing higher frequency of harmful algal blooms, and hypoxia and 
anoxia, with dramatic loss in benthic and pelagic biodiversity and a spread in so-called “dead 
zones” (Cloern, 2001; Conley et al., 1993; Hodgkiss and Ho, 1997; Howarth et al., 2011; 
Officer and Ryther, 1980; Paerl, 1997; Selman et al., 2008; Turner et al., 1998). These 
problems are particularly severe in the tropics and subtropics, regions which are 
underrepresented in scientific research (Burford et al., 2008).
Mangroves are the dominant form of vegetation in tropical and subtropical coastal regions, 
where they covered nearly 167,000 km² at the beginning of the 21st century (Valiela et al., 
2001). Growing agriculture, aquaculture, and urban development led to widespread 
mangrove degradation. Global loss rates are about 1% per year and the total global 
mangrove area has been reduced by 35% since the 1980s (reviewed by Polidoro et al., 
2010). More dramatically, in China, this number is close to 75% (Li and Lee, 1997; Valiela et 
al., 2001). This resulted in the loss of essential ecosystem services, including the filtration of 
anthropogenic pollutants.
Mangroves mediate the transport of nutrients delivered from land via rivers into coastal 
waters (Terada et al., 2010) and may protect adjoining systems from eutrophication (Adame 
et al., 2010; Valiela and Cole, 2002; Wang et al., 2010) caused by domestic sewage (Wu et 
al., 2008a, 2008b and references therein), shrimp effluents (Rivera-Monroy et al., 1999; 
Robertson and Phillips, 1995), and livestock and industrial waste (Tam and Wong, 1993; Ye 
et al., 2001). Inspired by the high filtration efficiency of mangrove forests, coastal system 
managers support the construction of artificial wetlands specifically to provide this service 
(e.g. Pangala et al., 2010; Wu et al., 2008a, 2008b; Yang et al., 2008). This pivotal 
importance in controlling coastal eutrophication and related consequences demands 
intensified mangrove conservation (Adame et al., 2010).
Benthic respiration and nutrient regeneration are essential processes in coastal and 
estuarine ecosystems, controlling organic carbon cycling and the flux of nutrient-type 
elements across the sediment-water-interface (Jørgensen, 2006; Mortimer et al., 1999; Nixon, 
1981). In mangroves, benthic processes can cause higher rates of nutrient conversion, 
uptake, removal, and immobilization than mangrove vegetation (Alongi et al., 2005b).
Studies have employed several methods to investigate nutrient dynamics in mangroves. 
Porewater profiles of dissolved species can be used to calculate diffusive benthic fluxes
relating to the concentration gradients that result from microbial activity in the sediment.
However, benthic macrofauna alter actual fluxes compared to diffusive transport through 
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bioturbation, advection, and foraging activity (Hansen and Kristensen, 1998; Kristensen and 
Hansen, 1999; Nielsen et al., 2003; Nordhaus et al., 2006; Xin et al., 2009). Fluxes are 
further affected by uptake and release of nutrients by microphytobenthos and other 
microorganisms at the sediment surface (Alongi et al., 1989; Bartoli et al., 2003; Lerat et al., 
1990). Sediment incubations are experimental approaches to measure actual fluxes, results 
of which depend considerably on the type of method applied (Gao et al., 2012; Lerat et al., 
1990). Intact sediment core incubations yield reliable results (Wolfe et al., 2009), and have
been used in different environmental systems, including lakes (e.g. Ishii et al., 2009),
estuaries (An and Gardner, 2002), coastal seas (Denis et al., 2001), and the deep sea (Rowe 
et al., 1994). Despite some criticism of the application of laboratory incubations (Orihel and 
Rooney, 2012) other studies found no differences between in situ and ex situ incubations 
(Cathalot et al., 2010).
Recent studies investigated total mangrove system sink and source functions by comparing 
nutrient concentration differences between flood and ebb waters (Adame and Lovelock, 2011; 
Adame et al., 2010; Bouillon et al., 2007a, 2007b; Dittmar and Lara, 2001), rather than 
focusing on porewaters or interface exchange. In this study we combine these three 
approaches to understand the total forest function, the importance of sediment-water-fluxes
and the underlying benthic processes in a south Chinese estuarine mangrove system. 
The Nanliu River estuary is affected by a number of globally important problematic human 
activities. It receives very high inputs of anthropogenic nutrients, bearing the potential for 
eutrophication of adjacent coastal waters (Committee of Annals of Chinese Estuaries, 1998; 
Kaiser et al., 2013). Aquaculture development has led to the loss of mangroves as natural 
filtration systems, with an area reduction from 1790 ha to 515 ha between the early 1990s 
and 2011 (Li and Lee, 1997; Kaiser, unpublished data). Furthermore, as typical for coastal 
areas, the region is characterized by rapid population growth. Recently, growing 
environmental awareness has led to the protection of mangroves. Our study contributes to 
the general understanding of mangrove systems in the developing coastal region of China.
2. Material and Methods
2.1 Study site
This study was carried out in the mangroves of the Nanliu River estuary, Guangxi, southern 
China (Fig. 1). The estuary receives strong anthropogenic nutrient inputs from agriculture 
and brackish water shrimp ponds (Kaiser et al., 2013).
Mangroves are dominated by a dwarf growth form of Aegiceras corniculatum, intermixed with 
patches of Kandelia candel, and occupy 515 ha of the intertidal zone. Narrow bands fringe 
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the river banks up to 7 km upstream, while larger mangrove areas form islands within the 
river mouth. Mostly diurnal macro-tides of up to 4.5 meters induce long desiccation times of 
on average 18 h daily. Individual mangrove islands are relatively small plateaus with steep 
banks. Consequently, strong tidal currents cause an even inundation of the mangrove forest
(personal observations).
The coastal area of Guangxi is influenced by the East Asian monsoon, with cool, dry winter 
and spring, and warm, wet summer and autumn. Typhoons and tropical storms affect the 
region on average 5 times a year (Committee of Annals of Chinese Estuaries, 1998). During 
this study, the tropical storm Nesat passed the coast on 1 October 2011, causing the year’s 
highest daily precipitation and increased suspended sediment transport in the river for 
several days (Kaiser et al., 2013).
Fig. 1: Studied mangrove site in the Nanliu River estuary. Green areas are mangrove forest, gray areas are low 
intertidal sand banks, small black dot shows sediment core sampling site, concentric symbol shows tidal sampling 
site (21°37'6.85"N, 109° 1'40.15"E), small black arrow indicates mangrove effluent sampling site. Up- and 
downriver directions are indicated. For a larger map of the estuary see Kaiser et al. (2013).
2.2 Sampling 
Water from an estuarine mangrove channel was sampled hourly for 24 h over tidal cycles in 
March and September 2011. High tide samples reflect the composition of water entering the 
mangrove. Effluents leaving the mangrove were sampled hourly from a small nearby high 
intertidal creek during low tides (Fig. 1). Water was analyzed in situ for temperature, salinity, 
and pH, using Hach Lange sensors and probes. Aliquots for measurements of dissolved 
inorganic nutrients and dissolved organic carbon (DOC) were filtered immediately through 
mixed ester cellulose syringe pre-filters into pre-rinsed HDPE bottles and combusted glass 
containers and fixed with mercury chloride and phosphoric acid, respectively. Samples were 
100m
Nanliu 
River
Lianzhou 
Bay
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stored on ice during field excursions and frozen in the laboratory until analysis within 10 
weeks at the Leibniz Center for Tropical Marine Ecology (ZMT) in Bremen.
Sediment cores were sampled using transparent Plexiglas liners with internal diameter of 72
mm (Hydrobios, Kiel, Germany). Cores were taken within a large mangrove patch from the 
fringe of a high intertidal creek (Fig.1). Replicate cores were taken within an area of no more 
than 10 m². During sampling we took care to keep an undisturbed, horizontal sediment 
surface and to avoid macrofauna burrows. Cores were sectioned after use; no cores
contained macrofauna or roots. 
Cores for the extraction of porewater were sampled in triplicate on 3 March and 22 
September 2011. On 3 October 2011, after the tropical storm Nesat, one additional core was 
taken. The coefficient of variability of triplicate porewater concentrations of all nutrients was 
generally low (mostly <0.2) at any given sediment depth, indicating that one core can be 
regarded as representative. Immediately after sampling and removal of overlying water, 
porewater was extracted in 2 cm intervals through pre-drilled holes using Rhizones® attached 
to clean syringes and transferred to 2 ml incubation vials. No more than 2-5 ml were 
extracted from each sediment depth. Samples for the analysis of phosphate, sulfate, and 
silicate were acidified with concentrated hydrochloric acid and stored at 4°C; those for 
analysis of nitrate, nitrite and ammonium were stored frozen. 
2.3 Core incubation experiment
For sediment incubation 6 cores were taken on 16 March and 3 October 2011. Overlying 
water was removed to avoid sediment resuspension and cores were transported to the lab 
within 2 hours. All cores were pre-incubated with 50 mL of filtered oligohaline estuarine water 
for about 1 hour to ensure water saturation of the pore space. Two core replicates were used 
for the measurement of dissolved oxygen (DO) fluxes, and four replicates were used for 
dissolved nutrient flux measurements. Additionally, two core liners without sediment served 
as control incubations. For DO measurements cores were adjusted to a headspace of about 
500 mL in the liners, completely filled with filtered estuarine water and sealed without
disturbance of the sediment surface. The sealing cap had two holes to accommodate a LDO 
dissolved oxygen sensor and a pH meter (Hach-Lange, Germany). Measurements of DO 
concentration and saturation, water temperature, and pH were done half-hourly. For nutrient 
measurement 500 mL of filtered estuarine water were added and cores were covered to 
prevent evaporation. Water samples were drawn hourly through a sampling port in the cover 
cap. Using this port, the extracted volume was replaced with demineralized water to maintain 
the incubated volume and to ensure constant concentrations in the replacement water. To 
prevent stratification of the water column and the generation of concentration gradients, 
incubated water was permanently circulated using a peristaltic pump. A pump rate of 2 to 
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2.5 L h-1 was chosen to ensure complete circulation of the volume between samplings, while 
preserving an undisturbed sediment surface. The incubation lasted for eight hours under 
constant light and temperature conditions. Ambient temperature was chosen according to 
average seasonal air temperature to be 16°C in March and 25°C in October (Tab. 1). 
Throughout the incubation, water temperature remained nearly constant, with maximum 
standard deviations of 0.7°C in March and 0.4°C in October. Following incubation in the light 
the overlying water was removed, and the cores were reused for dark incubation. 
2.4 Sample analysis
Dissolved inorganic nutrients in water from tidal sampling and mangrove effluents, as well as 
in incubation samples, were determined with an autoanalyzer (Skalar, Sun System). 
Measurements for nitrate (NO3), nitrite (NO2), phosphate (PO4), and silicate (Si) were done 
spectrophotometrically following Grasshoff et al. (1983), while ammonium (NH4) was 
determined fluorometrically following Kérouel and Aminot (1997). DOC was analyzed by 
chemoluminescence after platinum catalyzed combustion at 720°C in a Shimadzu TOC-
VCPH.
In porewater samples, PO4 and Si were measured by ICP-OES (Thermo, iCAP 6300 Duo) 
using 3- and 5-fold dilutions. Measurements were validated with the certified seawater 
reference standard CASS-5 (National Research Council of Canada). A spike solution was 
added to the reference standard as porewater concentrations of phosphate and silicate are 
distinctly higher in the mangrove samples than in the reference material (PO4: accuracy: 
0.3%, precision: 1.2%; Si: 1.4%, 1.9%). NH4, NO3+NO2, and NO2 were determined by auto 
analyzer (Seal Analytical, QuAAtro). NO3 was calculated as difference between NO3+NO2
and NO2. A multi-ion standard solution (Bernd Kraft GmbH) was used for quality control (NH4:
accuracy: 8.5%, precision: 8.7%; NO3+NO2: 5.8%, 4.6%, NO2: 4.1%, 5.0%).
2.5 Flux calculations
Fluxes of dissolved oxygen and nutrients in individual incubation cores were calculated by 
linear regression of concentration over time. Outliers were removed from the regression 
according to the method by Mortazavi et al. (2012); out of a total of 1323 data pairs 22 were 
removed. In no case did the removal change the significance of correlations. Hourly fluxes 
are equal to the slope of the outlier-free regression line if linear correlation was significant 
(P ? 0.05); otherwise net fluxes are defined as zero. Total sediment nutrient fluxes were 
calculated as the difference of averages in sediment incubations and controls. Statistical 
comparison of sediment treatment and control fluxes revealed low power (alpha) of t-tests 
due to small sample size. Where alpha was high enough to yield reliable results, treatment 
and control fluxes were significantly different at p < 0.05. Negative values represent influxes, 
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positive ones represent effluxes. Dissolved inorganic nitrogen (DIN) fluxes were calculated 
as sum of NO3, NO2 and NH4 sediment fluxes.
Based on averages of the triplicate measured porewater profiles, diffusive fluxes were 
calculated using the REC model (Lettmann et al., 2012). Bioerrosion and irrigation were 
defined to be zero due to the absence of macrofauna. Advection was set zero because 
diffusion dominates in muddy sediment due to low permeability (Billerbeck et al., 2006;
Franke et al., 2006). Sediment porosity was assumed to be 0.76 based on measurements 
made in similar mangrove sediments (Kristensen et al., 2000). Diffusion coefficients of the 
different nutrients in water were taken from Schulz and Zabel (2006), assuming sediment 
temperatures of 15°C and 25°C in spring and summer, respectively, corresponding to 
respective air and surface water temperatures. These values were used to calculate 
tortuosity using Boudreaus Law, ? 2 = 1 - ln(? 2), and subsequently the diffusion coefficient in 
sediment (Schulz, 2006). In the REC model, the smoothing (?) and Tikhonov (?) parameters, 
used for curve fitting through the original data, were chosen to be small to model a profile 
closely representing measured data, and to calculate most realistic diffusive fluxes. 
3. Results
3.1 Concentration differences between estuarine water and mangrove effluents
Nutrient concentrations varied strongly during freshwater dominated low tides (Fig. 2). At 
salinities >10, NO3, NO2 and Si showed near conservative behavior. The same was true for 
NH4 and PO4 during spring tides, while neap tide showed highly variable concentrations. 
Compared to inundating marine waters, mangrove effluents had higher concentrations of 
NH4, Si and DOC, but lower concentrations of NO3, NO2 and PO4 (Fig. 2). During spring tides, 
lower salinity in effluents than high tide samples indicated influence of freshwater from the 
river. This cannot explain the decrease of NO3, NO2 and PO4, since concentrations of all 
nutrients are higher in riverine than marine water (Kaiser et al., 2013). In September,
concentrations of Si and NH4 were higher in effluents than in riverine water, indicating a 
source within the mangrove. Concentrations in mangrove effluents mostly deviated positively 
(NH4, Si) or negatively (NO3, NO2, PO4) from those expected from mixing of riverine and 
marine endmembers (Fig. 2).
3.2 Mangrove sediment-water-fluxes
Table 1 shows the dissolved nutrient concentrations of water used in the intact core 
incubation experiment. Concentrations of dissolved oxygen were higher in March, and 
despite the higher oxygen solubility at lower water temperature caused higher DO saturation 
(96.4%) compared to October (89.9%). 
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Fig. 2: Concentrations of dissolved inorganic nutrients and dissolved organic carbon (DOC) from 24 h estuarine 
tidal cycles (open symbols) and from mangrove effluents (solid symbols) plotted against salinity. Diamonds are 
from spring tide of March 2011, cycles and squares are from spring and neap tides of September 2011, 
respectively. Values of high tide samples inundating mangrove sediments are marked +.
Tab. 1: Initial concentrations of dissolved nutrients and oxygen at the beginning of the incubation experiment, as 
well as monthly average ambient air temperature and air temperature during incubation.
Initial concentrations Temperature [°C]
Date
NO3
[μM]
NO2
[μM]
NH4
[μM]
PO4
[μM]
Si    
[μM]
DOC 
[μM]
O2      
[μM]
Monthly 
average
During 
incubation
16.03.2011 197.0 5.4 9.0 2.8 76.5 383.0 617.1 15.3 16.0
03.10.2011 84.9 4.3 19.1 1.5 94.2 371.5 446.1 25.6 25.0
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3.2.1 Dissolved oxygen
Dissolved oxygen fluxes were always directed into the sediment and stronger in the dark 
than in the light. Respiration, net primary production (NPP), and gross primary production 
(GPP) were stronger in October than March. The ratio of GPP to respiration changed
negligibly from -0.23 in March to -0.22 in October (Fig. 3b). 
Fig. 3: Hourly (a) and diel (b) total fluxes of dissolved oxygen. Respiration (Resp) equals 
measured dark fluxes, net primary production (NPP) equals measured light fluxes, gross 
primary production (GPP) is calculated as their difference. Panel (b) also shows the ratio of 
GPP to respiration (P:R).
Applying a respiratory quotient (RQ; CO2 release/O2 uptake) of 1 (Alongi et al., 1998; Alongi, 
1994a; Boucher et al., 1994), aerobic respiration caused a carbon oxidation of 
499 μmol C m-2 h-1 and 669 μmol C m-2 h-1, while GPP fixed 229 μmol C m-2 h-1 and
248 μmol C m-2 h-1 in March and October, respectively. Considering 12 daylight hours in 
March and 14 hours in October for GPP, these rates resulted in a net efflux of CO2 from the 
sediment of 9,238 μmol C m-2 d-1 and 12,583 μmol C m-2 d-1, respectively. Based on 
calculated carbon uptake during GPP and a C:N ratio of 10 for microphytobenthos (see 
Bartoli et al., 2003), the nitrogen demand for primary production was 275 μmol N m-2 d-1 and
348 μmol N m-2 d-1 during March and October, respectively (Tab. 2a).
3.2.2 Dissolved nutrient fluxes
Fluxes of dissolved inorganic nitrogen (DIN) were always directed into the sediment (Fig. 4). 
Diel fluxes were comparable in March and October. While uptake was stronger during dark 
conditions, flux directions of individual DIN species were equal during light and dark 
incubations. In March, NO3 showed influx, while NO2 and NH4 were released from the 
sediment. NO3 influx was lower in October and influx of DIN was maintained by uptake of 
NH4 and NO2. Uptake of silicate occurred during light conditions and was stronger in October. 
No net flux was detected in the dark. In March, PO4 fluxes were directed into the sediment. 
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Higher light influx in October was balanced by dark efflux to result in similar diel PO4 uptake 
as in March. Dissolved organic carbon (DOC) was generally taken up by the sediment, but 
for a strong release during the dark in October, which resulted in a net diel efflux.
Tab. 2: Hourly and daily benthic fluxes. a: Respiration, NPP, and GPP (all in μmol O2), as well as calculated CO2
flux and nitrogen (N) demand, assuming a respiratory quotient (RQ) of 1 and a C:N ratio for microphytobenthos of 
10, diel fluxes are based on 12 and 14 hours daylight in March and October, respectively. b: Nutrient fluxes 
measured during core incubations. c: Nutrient fluxes calculated from modeled porewater profiles. Dissolved 
inorganic nitrogen (DIN) flux is calculated as the sum of nitrate (NO3), nitrite (NO2), and ammonium (NH4) fluxes. 
Diel fluxes are based on an inundation time of 6 hours per day.
Hourly flux [μmol m-2 h-1] Daily flux [μmol m-2 d-1]
a March October March October
Respiration -499.4 -669.3 -11985.1 -16062.2
NPP -270.5 -420.8 -9238.4 -12583.2
GPP 228.9 248.5 2746.7 3478.9
CO2 efflux 499.4 669.3 11985.1 16062.2
CO2 influx -228.9 -248.5 -2746.7 -3478.9
CO2 net flux 384.9 524.3 9238.4 12583.2
N demand 22.9 24.8 274.7 347.9
b
Measured 
fluxes
Light Dark Light Dark Diel Diel
NO3 -279.1 -339.6 -16.3 -83.9 -1856.1 -266.7
NO2 37.0 13.1 4.5 -17.1 150.4 -27.1
NH4 28.4 85.9 -104.3 -251.8 342.9 -994.3
DIN -213.7 -240.6 -116.1 -352.7 -1362.7 -1288.1
PO4 -14.3 -12.1 -30.2 11.1 -79.1 -78.0
Si -6.3 0.0 -51.7 0.0 -19.0 -181.1
DOC -790.5 -305.6 -1518.4 3900.7 -3288.3 4437.3
c
Modeled 
fluxes
March September
October 
(Post-storm)
March September
October 
(Post-storm)
NO3 -1.24 -0.28 -1.92 -7.44 -1.70 -11.50
NO2 0.00 -0.02 0.04 0.00 -0.09 -0.26
NH4 0.91 2.43 0.83 5.48 14.61 4.99
DIN -0.33 2.14 -1.13 -1.96 12.82 -6.76
PO4 0.00 0.07 0.11 0.03 0.41 0.64
Si 1.47 1.87 3.62 8.81 11.21 21.71
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Fig. 4: Total sediment fluxes of dissolved nutrients; a: hourly [μmol m-2 h-1], 
b: diel [μmol m-2 d-1]. Dissolved inorganic nitrogen (DIN) flux is calculated as 
the sum of nitrate (NO3), nitrite (NO2), and ammonium (NH4) fluxes. Diel 
fluxes are based on an inundation time of 6 hours per day.
3.3 Mangrove sediment porewater profiles
Porewater concentrations of NO3 decreased quickly within the first centimeters while NH4,
PO4 and Si increased with sediment depth. Depth averaged concentrations of all nutrients 
except NO2 were lower in March than September. In March, PO4 and Si concentrations were 
low down to 5 cm sediment depth, and then increased strongly towards a sediment depth of 
about 8 cm, where the increase with depth slowed considerably. Surface sediment NO3 and
NO2 concentrations were higher following the tropical storm in October. Concentrations of 
NH4 remained low in the top 10 cm, below which accumulation increased slowly (Fig. 5c). 
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Fig. 5: Porewater nutrient concentration profiles of mangrove sediment cores during spring in March (a), regular 
summer in September (b), and post-storm conditions in October (c). Gray dots represent measured porewater 
concentrations; based on these values, small black diamonds represent modeled (REC) concentration profiles. In 
(c) no data is available for PO4 and Si below 5 cm sediment depth. Significantly different concentrations in surface 
sediments (<0 cm, >5 cm; one-way ANOVA, P < 0.05) between samplings are marked by different lowercase 
letters.
Fig. 6: Porewater profiles of measured (black dots) and salinity-based (open dots) 
SO4 concentrations and net SO4 reduction (gray triangles) in March (a), regular 
summer in September (b), and post-storm conditions in October (c).
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Figure 6 shows net sulfate (SO4) reduction as the difference between SO4 concentrations 
measured in porewater and calculated from profiles of sodium (Na) as a conservative 
indicator for salinity. Net SO4 reduction occurred in March and September. Depth integrated 
average reduction was higher in September (2.9 vs. 4.2 mM). The difference was not 
statistically significant (t-test, P > 0.05), however, and maximum values occurred at sediment 
depth in March. No SO4 reduction was apparent in post-storm surface sediments (Fig. 6c).
4. Discussion
4.1 Sediment dissolved oxygen fluxes
The respiration rates in sediments of the Nanliu mangrove are within the lower half of the
range found in similar Asian and Australian mangrove settings (Alongi et al., 1998, 2005a, 
2005b, 2001, 1993; Alongi, 1994a; Holmer et al., 2001; Kristensen et al., 1988, 2000, 1992, 
1991; Trott et al., 2004), but are lower than in mangrove sediments of Central America
(Gocke et al., 1981; Golley et al., 1962). Oxygen uptake rates are particularly low compared 
to mangroves of the Jiulongjiang Estuary in China. Alongi et al. (2005a) assumed rapid 
sediment accumulation to supply reactive organic matter for the high respiration rate in that 
system. Respiration rates observed in the present study may be low because we avoided 
crab burrows during sampling, and oxygen decrease in overlying water has been shown to 
be higher in areas with burrows compared to undisturbed sediments in the same mangrove 
(Gocke et al., 1981). Burrows and roots furthermore promote respiration during desiccation 
(Alongi, 1994a). Though differences between inundated and desiccated respiration cannot 
be generalized (Alongi, 1994a; Alongi et al., 2011, 2001; Kristensen et al., 1991), daily rates 
shown in figure 3b should be considered minimum fluxes when extrapolated to the entire 
mangrove area. Rates of gross primary production (GPP) are also lower than in other 
mangrove systems (Alongi et al., 1993; Kristensen et al., 1988). This is probably due to low 
microphytobenthos biomass, as GPP and the P:R ratio are similar to those in mangrove 
systems with low benthic microalgal standing stocks (Alongi, 1994b).
Higher respiration as well as net and gross primary production occurred in October (Fig. 3). 
Increased O2 dynamics and gas fluxes in summer are typical for sediment systems due to 
the higher temperatures (Alongi, 1994b; Alongi et al., 2005a; Boynton and Kemp, 1985; 
Chen et al., 2012; Holmer et al., 2001; Kristensen et al., 2000; Mortazavi et al., 2012; Rees 
et al., 2005; Zimmerman and Benner, 1994) favoring activity of benthic microorganisms (Al-
Raei et al., 2009; Pamatmat, 1968; Pomeroy, 1959). Turbation of sediments can also 
increase oxygen fluxes (de Beer et al., 2005; Jansen et al., 2009; Zimmerman and Benner, 
1994) and the sediments incubated in October had probably been reworked by the tropical 
storm Nesat just days before the experiment (Guillén et al., 2006; Smith et al., 2005). A P:R 
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ratio similar to the March incubation (Fig. 3) indicates that environmental conditions and 
strong sediment reworking do not change the balance of aerobic catabolism and anabolism 
(Fig. 3). 
Constant net uptake of dissolved oxygen in the incubation experiment (Fig. 3) shows that the 
benthic system of these mangroves is always heterotrophic. Heterotrophy is the common 
feature of mangrove sediments (Alongi, 1994a, 1994b; Chen et al., 2012; Holmer et al., 2001; 
Souza et al., 2009), which are consequently a net source of carbon dioxide (CO2) to the 
overlying bottom water (Chen et al., 2012). Calculated CO2 efflux from sediments of the 
Nanliu mangrove (Tab. 2a) is only about 10-50% of the CO2 production measured in 
mangroves and adjacent mudflats in Thailand (Alongi et al., 2001; Holmer et al., 2001; 
Kristensen et al., 1991) and China (Alongi et al., 2005a). Although aerobic respiration is an 
important process, carbon oxidation in mangrove sediments often depends strongly on 
suboxic/anoxic processes, with sulfate (SO4) reduction dominating belowground carbon 
oxidation (Alongi et al., 1998, 2011, 2005a; Kristensen et al., 1991). The net SO4 reduction 
(Fig. 6) should be exceeded by the actual carbon oxidation with SO4 (e.g. Jørgensen, 1977).
Large amounts of carbon oxidized below ground may be transported by lateral advection of 
interstitial water into mangrove draining creeks and not be quantified by surface exchange 
(Alongi et al., 2011; Bouillon et al., 2008). Considering these factors the calculated CO2 efflux 
must be regarded as underestimated.
4.2 Nutrient and organic carbon fluxes
Dissolved organic carbon (DOC) exhibits the strongest benthic fluxes measured in the Nanliu 
Mangrove (Fig. 4), but rates are low compared to other mangroves, estuaries and shallow 
coastal areas (Bouillon et al., 2008; Maher and Eyre, 2010). The strong temporal variability in 
benthic DOC flux magnitude and direction is common in mangroves (e.g. Bouillon et al., 
2007b; Holmer et al., 2001; Kristensen et al., 2000). Despite high porewater concentrations 
efflux may cease or reverse to influx, due to DOC uptake by bacteria at the sediment surface 
(Alongi, 1994b; Stanley et al., 1987; Ziegler and Benner, 1999).
Flux rates of all inorganic nutrients calculated from porewater profiles are lower than those 
measured during the incubation experiment (Tab. 2b). In shallow aquatic systems, porewater
based flux calculations commonly deviate from measured sediment-water-exchange rates 
because they do not consider aerobic microbial mediations of fluxes at the interface (Bartoli 
et al., 2003; Kristensen et al., 1992; Lerat et al., 1990; Mortimer et al., 1999) and hence do 
not sufficiently represent the nutrient dynamics of sediments (Kristensen et al., 1988; Lerat et 
al., 1990).
Benthic dissolved nitrogen fluxes in the Nanliu mangrove are within the range measured in 
other mangroves, and show comparatively low temporal variability between March and
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October (Alongi et al., 1998, 2005a, 2005b, 2001; Alongi, 1996; Kristensen et al., 2000, 1992, 
1991, 1988). Both the incubation experiment (Fig. 4) and porewater profiles (Fig. 5) show 
that the sediments are a sink for dissolved nitrogen. Mangrove sediments are generally DIN 
sinks, mostly due to the uptake of NO3, while NH4 often shows efflux (Alongi, 2002; Davis III 
et al., 2001; Holmer et al., 2001; Kristensen et al., 2000, 1988; Rivera-Monroy and al, 1995; 
Rivera-Monroy and Twilley, 1996; Rivera-Monroy et al., 1995). Several benthic processes 
cause the removal of NO3 from overlying water. Though NO3 is assimilated in light by primary 
producers (Lorenzen et al., 1998 cited by Bartoli et al., 2003) nitrogen demand 
corresponding to GPP is exceeded strongly by measured daytime nitrogen removal (Tab. 2),
suggesting that uptake by producers is not the primary sink. Also, NO3 uptake is higher in the 
dark (Fig. 4), when primary production and nitrogen demand are low. Lower apparent net 
NO3 influx in the light may be due to reoxidation of NH4 at the sediment surface, which 
introduces NO3 into bottom water. Oxidation with O2 produced during primary production and 
interception by benthic phytoplankton (Bartoli et al., 2003) causes lower NH4 fluxes during 
light.
When oxygen availability is limited, NO3 acts as a substitute electron acceptor, retaining 
oxidizing conditions in the subsurface sediment (Ishii et al., 2009). Porewater profiles from 
the Nanliu mangrove indicate the removal of NO3 by denitrification (compare e.g. Mortimer et 
al., 1999). This reducing process is an important sink for NO3 in mangroves (e.g. Fernandes 
et al., 2012; Meyer et al., 2008). It can be substrate dependent, increasing with NO3
availability (Cornwell et al., 1999; Deek et al., 2012; Rivera-Monroy et al., 1995; but see 
Gardner and McCarthy, 2009; Chen et al., 2012). Since NO3 is the most common form of 
anthropogenic nitrogen input (Bellos et al., 2004; Bu et al., 2011; Falco et al., 2010; Liu et al., 
2011; Meybeck et al., 2006), denitrification is particularly important in heavily impacted 
systems (Fernandes et al., 2012), such as the studied mangroves which receive high loads 
of NO3 from the Nanliu River (Kaiser et al., 2013). In light, denitrification can be lowered by
downward expansion of the oxic layer (Bartoli et al., 2003), further explaining the lower NO3
influx in the light (Fig. 4). NO3 can also be utilized in the reoxidation of sulfide (Brunet and 
Garcia-Gil, 1996) produced during SO4 reduction (Fig. 5). 
The strong increase of NH4 with sediment depth (Fig. 5a and b) and its efflux in March
suggest NH4 production concurrent with NO3 removal. Dissimilatory nitrate reduction to 
ammonium (DNRA) has been proposed as an important and often underestimated NO3 sink 
(Burgin and Hamilton, 2007; Chong et al., 2012; Gardner et al., 2006), especially in tropical 
estuaries with low benthic oxygen flux rates (Dong et al., 2011). In anthropogenically 
impacted reduced sediments it may be more important than denitrification (Mortazavi et al., 
2012). The production of NH4 by DNRA can exceed that by ammonification of organic matter 
10 fold (Chong et al., 2012). The occurrence of DNRA has important implications for the 
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mangrove because contrary to denitrification it does not remove reactive N as gaseous N2
but keeps it available in the system as NH4 (e.g. An and Gardner, 2002).
Both denitrification and DNRA yield NO2 as an intermediate product (An and Gardner, 2002; 
Kartal et al., 2007; Rütting et al., 2011; Rysgaard et al., 1996). Benthic NO2 fluxes and 
concentrations >3 μM in the incubated water column, as well as measurable pore water 
concentrations (Fig. 5), reflect active DIN conversion processes in the sediment, with NO2 as 
intermediate product. Strong NO3 reduction in March causes NO2 release into the water 
column (Fig. 4). The efflux does not cause a concentration increase in mangrove effluents 
(Fig. 2) because NO2 undergoes either reoxidation to NO3 or further reduction to N2 in the 
water column.
Concentrations of Si and PO4 in porewater generally increase with sediment depth because 
of the dissolution of siliceous material (Mortimer et al., 1999) and remineralization of organic 
matter (Callender, 1982; Howarth, 1988), as well as desorption from particles (Froelich, 1988; 
Robertson and Phillips, 1995). While this can cause efflux into the water column, flux 
direction depends on microbial activity (Alongi et al., 1998, 2005b; Alongi, 1996; Lerat et al., 
1990 and references therein; Mortimer et al., 1999 and references therein). In the Nanliu 
mangrove, microphytobenthos abundance and species number are dominated by diatoms 
(Guangxi Mangrove Research Center, 2004), which have been suggested to cause Si influx 
despite high porewater concentrations (Ullman and Sandstrom, 1987). Uptake from the 
porewater pool is indicated by the steepening of the concentration gradient in surface 
sediments (Fig. 5). Utilization by diatoms appears to intercept all diffusive efflux of Si in the 
dark, and increased demand during production in the light causes additional uptake from the 
water column (Fig. 4). Influx from the water column and interception of upward diffusive 
fluxes are low compared to other studies (Alongi et al., 1998, 2005b), as would be expected 
from relatively low GPP (see section 4.1).
Though measurements of benthic PO4 fluxes in mangroves are scarce, comparison with 
earlier results suggests that influxes in the Nanliu mangrove are stronger than in other areas 
(Alongi et al., 1998, 2005b; Alongi, 1996). The removal of PO4 from the water column and 
porewater might be due to adsorption to and reactions with iron oxides (e.g. Mortimer et al., 
1999), as well as direct uptake by microorganisms. This uptake causes low concentrations in 
surface sediments, particularly in spring, when supply from deeper sediments is slow 
compared to regular summer conditions. Interceptive uptake of PO4 by primary producers is 
reduced in the absence of light, decreasing dark influx in March and allowing dark efflux in 
October (Fig. 4a). Furthermore, reduced primary production lowers the availability of oxygen,
leading to the reduction of iron oxides and release of adsorbed PO4.
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Temporal variability in mangrove nutrient dynamics are largely governed by short-term
forcing such as light availability (Alongi, 1994a; Henry and Twilley, 2011), inundating water 
nutrient concentrations (Adame and Lovelock, 2011) and precipitation patterns (Adame et al., 
2010; Dittmar et al., 2001), while seasonality may generally be weak (Alongi et al., 2001;
Boto and Wellington, 1988; Davis III et al., 2001). Porewater profiles (Fig. 5b  and c) and
sediment core incubations (Fig. 4) show that benthic nutrient dynamics, particularly of 
nitrogen, change fundamentally after a storm event. Following the tropical storm Nesat in 
October, DIN reduction in the surface and subsurface sediment decreased, as seen from the 
decreases in NH4 accumulation and NO3 decline (Fig. 5b and c), and the reversed flux of 
NH4 into the sediment (Fig. 4). Storm events cause reworking and ventilation of sediments in 
shallow water systems (Guillén et al., 2006; Smith et al., 2005). The consequent oxygenation 
of porewaters decreases denitrification (Amatya et al., 2009; Deek et al., 2012) and
enhances nitrification of NH4 to NO3 (Alongi et al., 1993; Lerat et al., 1990), causing 
significantly higher NO3 and lower NH4 concentrations in bottom and surface sediment 
porewaters (Fig. 5c). Due to the deeper penetration of oxygen and NO3, SO4 is not reduced 
in subsurface sediment (Fig. 6). Reducing processes dominate in deeper sediment and NO3
and NO2 are net removed from bottom and porewaters. Nevertheless, even days after a 
storm event, the removal of DIN is dominated by the influx of NH4. This alternation in nitrogen 
dynamics through sediment disturbance is important in the Nanliu mangrove, where tropical 
storms occur on average 5 times a year. Post-storm profiles of Si and PO4 show significantly 
decreased concentrations in surface sediments relative to regular summer conditions during 
September. This is due to the loss of nutrients from porewater during the resuspension of
sediment by the storm (Goñi et al., 2006; Porter et al., 2010). The shape of the Si profile 
does not seem to be affected by the storm event. Since Si is not affected by redox processes 
to the same degree as DIN, usual profiles may be established quickly after sediment 
disturbance.
4.3 Mangrove system nutrient dynamics
High variability of nutrient concentrations at low salinity and particularly during neap tide 
shows that during low water levels nutrient composition in estuarine mangrove channels is 
influenced by effluents and porewater seepage from the mangrove forest. Near conservative 
behavior at higher salinity shows that with rising water levels the hydraulic gradient reverses
and there is no seepage into the channel. During neap tide, salinity was higher in mangrove 
effluents than inundating water. Increased salinity may be due to evapo-transpiration in the 
mangrove (see e.g. Bouillon et al., 2007b). This is not evident during spring tides, rather
indicating a delayed release of saline water delivered into the mangrove during previous high 
tides with stronger marine influence (see e.g. Dittmar and Lara, 2001).
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Deviations of effluents from concentrations expected from mixing of marine and fresh waters 
reflect nutrient addition to (positive deviation) or removal from (negative deviation) mangrove 
inundating water during residence time in the forest. Since concentrations of all nutrients are 
higher in riverine than marine water, freshwater influence cannot explain the decrease of NO3,
NO2 and PO4 in effluents relative to marine inundating water. Riverine import can also not be 
the sole source of increased Si and NH4 concentrations in effluents during summer, as they 
are exceeding riverine concentrations (Kaiser et al., 2013). Extremely low NO3
concentrations in effluents (Fig. 2) reflect the uptake by sediments. Nevertheless, NO3
concentration during low tide are similar to those found in the river (Kaiser et al., 2013), and 
display lowest relative variability among nutrient species, indicating that estuarine NO3
dynamics are not significantly influenced by mangroves but are dominated by high riverine 
inputs. Similarly, DOC concentrations during low tide and in effluents similar to riverine 
values (235.3 to 339.6 μM and 282.9 to 2,345.6 μM in March and September 2011, 
respectively; Kaiser, unpublished) indicate that despite the benthic uptake of DOC in the 
mangrove, the influence from the river dominates over mangrove dynamics. Concentrations 
of NH4 and Si during low tide are high compared to riverine values, reflecting input from Si 
and NH4 enriched mangrove effluents (Fig. 2) and porewater (Fig. 5). Increased NH4 values 
in effluents indicate a major influence of benthic effluxes. Low tide concentrations of NO2 are 
high compared to effluents and porewater, and are also higher than in Nanliu River. This 
increase in concentrations despite the dilution by effluents and porewater drainage suggests 
high rates of in situ nitrogen conversion in the mangrove channel, particularly in March. The 
dependence on in situ processes, rather than external inputs, was also suggested for NO2
concentrations throughout the estuary (Kaiser et al., 2013). Despite sediment uptake, also Si 
concentrations increase in effluents, indicating lateral transport of Si-rich pore water into 
small creeks. The discrepancy between mangrove benthic influxes and forest export may 
largely be due to lateral belowground transport of interstitial water and solutes (e.g. Alongi et 
al., 2011; Bouillon et al., 2007b). Deep pore water drainage would also introduce PO4, but 
concentrations are low in effluents. Low concentrations during low tide compared to river 
water reflect dilution with these effluents. Porewater PO4 concentrations only increase 
dramatically below 5 cm sediment depth, while Si concentrations in the upper 5 cm are high 
enough to support high effluent concentrations even during early desiccation and drainage of 
surface sediment pores. This suggests that drainage is restricted to the upper sediment 
layers. Shallow porewater may also be released during sediment resuspension by tidal 
currents (Porter et al., 2010). A possible additional source of Si to effluents is leaching from 
macrophytes as well as their epiphytes and debris (Ashton et al., 1999; Moll, 2011; Tam et 
al., 1998, 1990).
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Surface sediment pore water concentrations of NH4, PO4, and Si are significantly higher and 
accumulate more strongly during summer (September, Fig. 5a and b), due to temperature 
enhanced remineralization of organic matter (Mortazavi et al., 2012; Vouvé et al., 2000) and 
leaching from particles (Lerat et al., 1990). Nevertheless, the porewater profiles (Fig. 5a and 
b) and concentration differences between estuarine water and mangrove effluents (Fig. 2) 
indicate no seasonal alteration in the source and sink function of the mangrove forest or its 
sediments. 
4.4 Nutrient filtration by the mangrove system
Mangroves have repeatedly been proposed as natural filters for anthropogenic nutrients 
(Chu et al., 2000; Feller et al., 2002, 1999; Rivera-Monroy et al., 1999, 1995; Robertson and 
Phillips, 1995; Tam and Wong, 1996, 1993; Ye et al., 2001). The similar sink and source 
functions of the Nanliu mangrove forest and of its benthic fluxes demonstrate the importance 
of sediment processes for DIN and PO4 dynamics. Other studies have found that sediment 
processes dominate DIN and PO4 removal (e.g. Ye et al., 2001). For these nutrients benthic 
fluxes can thus be used to estimate the filtration capacity of the mangrove sediment system 
(Tab. 3). The major source of nutrients to the estuary and adjacent coastal waters is the 
Nanliu River but there are additional inputs from aquaculture facilities (Kaiser et al., 2013).
Given the mangrove area of 515 ha, the total mangrove NO3 uptake rate is -1374
to -9559 mol d-1, PO4 uptake is -402 to -407 mol d-1. Consequently, mangroves remove only 
0.1 to 0.5% of NO3 inputs and 1.2% of PO4 inputs (Tab. 3). Benthic removal rates, 
particularly of PO4, must be considered minimum ecosystem filtration service, as other 
system components, such as mangrove trees, further facilitate uptake of these nutrients.
Tab. 3: Mangrove filtration efficiency for NO3 and PO4 relative to land derived riverine 
input, based on daily fluxes and a mangrove area of 515 ha. Daily nutrient inputs 
from Kaiser (unpublished, but see Kaiser et al. 2013 for seasonal values)
River 
discharge
Shrimp pond 
effluents
Mangrove 
filtration
NO3 [103 mol d-1] 2007.8 5.3 -9.6 to -1.4
% of total input 99.7 0.3 -0.1 to -0.5
PO4 [103 mol d-1] 33.3 0.9 -0.41 to -0.40
% of total input 97.4 2.6 -1.2 to -1.2
Low removal capacity has also been shown for an Australian mangrove receiving shrimp 
aquaculture effluents (Trott et al., 2004). In a meta analysis Valiela and Cole (2002) found
that the nitrogen removal capacity of wetlands relates negatively to land derived nitrogen 
input. The Nanliu River estuary has an area of 16578 ha (Jiang et al., 2008) and annually 
receives about 10305 tN (7.7x108 mol) of DIN from the river, 95% of which is delivered as 
NO3 (Kaiser et al., 2013). Given this high input of 651.8 kgN ha-1 y-1, the low removal by 
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mangrove wetlands of <1% land derived DIN is comparable to other impacted systems
(Valiela and Cole, 2002). This low filtration service suggests that, due to the 
disadvantageous ratio of mangrove wetland area to land derived nutrient input, the 
mangroves do not significantly affect nutrient dynamics in the tidally dominated Nanliu River 
estuary through filtration.
5. Conclusion
In this study we employed porewater concentration profiles, intact sediment core incubations, 
and tidal sampling of estuarine waters and mangrove effluents to investigate nutrient
dynamics in a subtropical mangrove forest. Results show that the combination of methods 
aids the understanding of processes at different system levels. The difference in magnitude 
and direction of calculated porewater fluxes and measured total benthic fluxes shows that 
sub-surface nutrient processing is relatively uncoupled from exchange with the water column 
probably due to mediations by surface microorganisms. 
While seasonal climatic variability influences the magnitude of sedimentary processes, storm 
events cause a release of nutrients from porewaters during sediment displacement and 
ventilation of the surface sediment, inducing changes in sedimentary redox processes which 
may lead to the reversion of benthic flux directions. The influence of such extreme events 
persists longer for redox sensitive nutrients like NO3 and NH4 than for Si. The physical 
redistribution of sediments may also enhance the transport of organic matter into deeper 
sediment layers. However, the mechanism of organic matter transport and burial in 
mangrove sediments needs further investigation.
Mangrove sediments are a source for NH4 and Si due to the exchange of NH4 and Si 
enriched porewaters across the sediment-water interface. Enhanced demand for oxidizing 
agents during early diagenestic processes leads to sediment directed fluxes of NO3
disclosing the mangrove sediments as a sink for NO3. Although PO4 is released into the 
porewater during sedimentary organic matter degradation processes, enhanced PO4
utilization by benthic microalgae and mangrove trees makes the mangrove a net sink for 
phosphate. 
The total filtration capacity of the Nanliu mangrove is low due to the small forest area and 
strong anthropogenic inputs. Thus, coastal nutrient management needs to concentrate on 
reduction of nutrient inputs, mainly from excessive fertilization in agriculture but with 
additional focus on growing aquaculture.
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5. Synopsis
5.1 Anthropogenic nutrient inputs and their consequences
5.1.1 Sources of dissolved and particulate nutrients and their relative importance
Land-use constitutes multiple sources of nutrients and organic matter to Nanliu River and 
Lianzhou Bay. Most notable inputs derive from agriculture runoff in the river catchment, and 
aquaculture effluents in the estuary. Further anthropogenic nitrogen is deposited from the 
atmosphere during precipitation. 
Agriculture is the principal source of nutrients in the river, as reflected in riverine nitrogen 
composition (Chapter 1). Strong dominance of nitrate (NO3; 68%) is a result of synthetic 
fertilizer application to and runoff from agricultural fields (Alvarez-Cobelas et al., 2008). In
contrast, inputs from natural grasslands and forests to rivers are dominated by ammonium 
(NH4) and dissolved organic nitrogen (DON) (Alvarez-Cobelas et al., 2008; Mian et al., 2009 
and references therein). In the Nanliu River, considerable concentrations and relative 
contribution of DON to total dissolved nitrogen (TDN) result from application of animal 
manure as fertilizer and from additional direct inputs from livestock farmed along the river 
(Chapter 1). Fertilizer export results in high dominance of dissolved inorganic (DIN) over 
particulate nitrogen (PN), which generally reflects human impact on nitrogen transport 
(Seitzinger et al., 2002). ???? ????? ????????? ???????? ?????? ??15N) of riverine PN results from 
phytoplankton uptake of 15N-enriched DIN draining from fertilized fields and thus corroborates 
the anthropogenic source of nutrients (Chapter 2).
The agricultural inputs result in strong nutrient enrichment relative to pristine rivers, in which 
concentrations are <10 μM DIN and <0.6 μM PO4 (Eyre and Balls, 1999; Humborg et al., 
2003; White et al., 2004). Consequently, total nitrogen (TN) and PO4 yields (Tab. 1) are 
higher than from catchments covered by natural vegetation (e.g. Ahl, 1988; Saunders and 
Lewis, 1988). In the Huangzhu River low NO3 (max. 10.7 μM) and PO4 (<0.2 μM) 
???????????????? ???????? ??? ??????????? ?????? ?????? ?????15N (2.12 ‰), demonstrate pristine 
conditions. Low SPM concentration (2.02 mg L-1) compared to the Nanliu River (up to 
92 mg L-1 under regular conditions, Chapter 2) reflects lower erosion in the forested 
catchment than of agricultural areas (see Introduction). Eroded soil particles are the main 
transport agent of phosphorus in rivers (Bennett et al., 2001 and references therein).
Desorption releases PO4 as pH increases along the estuary towards marine conditions 
(Chapter 1). In the Huangzhu River desorption increases PO4 from low background 
concentration of 0.1 μM to 0.3 μM at the river mouth. The distribution pattern of PO4 along 
the Nanliu estuary indicates similar input (Chapter 1). This is corroborated by increasing 
PO4/NO3 ratios along the salinity gradient, since NO3 concentrations decrease is 
conservative (Chapter 1) with no significant sink along the estuary (Chapter 2 & 3). Natural
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phosphorus inputs are enhanced by land-use because high quantities of applied phosphorus 
fertilizer are rapidly demobilized in soil (Jones et al., 1984; Larsen et al., 1965; Schoumans 
and Groenendijk, 2000) and may only be released from agricultural fields into streams upon 
erosion (Bennett et al., 2001). Most desorbing PO4 in the Nanliu estuary is thus originally
anthropogenic. Silicate (Si) concentrations of 120 to 140 μM in the Huangzhu River show 
that weathering of rocks results in high Si:DIN ratios under undisturbed conditions. Lower 
concentrations in the Nanliu River may be due to lower natural input from the more gentle 
terrain in the catchment and to higher uptake by freshwater phytoplankton facilitated by a 
higher availability of DIN and PO4. Enhanced uptake of Si and subsequent immobilization 
after deposition may be facilitated by small flood control dams in the Nanliu River and a 
freshwater reservoir in a tributary (see e.g. Ma et al., 2011; Volk et al., 2012; Wang, 2006).
Total inputs of dissolved and particulate nutrients to the Nanliu estuary and Lianzhou Bay are 
dominated by river loads (Chapter 1 & 2; Tab. 1). Shrimp aquaculture annually provides 
considerable percentages to total inputs of NH4 as well as freshly produced POC and PN, but 
it contributes insignificantly to annual NO3 and NO2 or Si inputs into the estuary (Tab. 1). Due 
to the characteristic pond discharge pattern (Chapter 1), aquaculture effluents have a minor 
influence on estuarine and coastal nutrient concentrations. This is demonstrated by nitrogen 
composition in the inner estuary, where dominance of NO3 in DIN (>90%) and hi????15N in 
PN (>7.1‰) prevail and do not reflect significant impact of pond water characterized by high 
NH4 ???? ???????????? ?????15N (<6.4‰). Aquaculture effluents are dominated by particulate 
and organic nutrients. 74% of TN is contributed by DON (26.8%) plus PN (46.9%) (Tab. 1).
Strong linear correlation of PN with POC (R² = 0.93) with an intercept near zero (b = -0.18)
shows that PN in aquaculture mostly occurs in organic form. High chlorophyll a 
concentrations and the isotope and amino acid composition of POM suggest that aquaculture
nutrient export to the estuary mostly occurs as phytoplankton growing on synthetic fertilizer 
(Chapter 2). Similar dominance of particulate nutrients in export was reported for intensive 
aquaculture in Hainan, tropical south China (Herbeck et al., 2012). Particulate matter export 
may be underestimated if pond sediments are released into the estuary after harvest (e.g. 
Briggs and Funge-Smith, 1994). However, according interviewed shrimp farmers (Kaiser, 
unpublished) sediments either remain in the ponds or are deposited on pond walls or roads. 
Due to heavy fertilization and consequent high primary production, aquaculture yields of TOC, 
TN and PO4 are an order of magnitude higher than from the river catchment (Tab. 1). In 
areas of intensive aquaculture, high TN yields of between 199 and 1434 kg TN ha-1 yr-1 can 
have profound deteriorating effects on receiving coastal ecosystems (Herbeck et al., 2012 
and references therein). The yield from Nanliu aquaculture of 109 kg TN ha-1 yr-1 is 
considerably lower. Pond nutrient concentrations are similar to those in effluents of intensive 
aquaculture in tropical Hainan Province of China, where shrimp yields range between 563 
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and 22,500 kg ha-1 harvest-1, with 3 to 4 harvests annually (Herbeck et al., 2012). Farmers in 
the Nanliu region reported shrimp yields of 1,500 to 15,000 kg ha-1 harvest-1 and 2 harvests 
annually (Kaiser, unpublished). Consequently, average annual yields of 5.3 kg m-2 yr-1 in
Hainan and 1.6 kg m-2 yr-1 in Guangxi indicate lower aquaculture intensity in the Nanliu 
region over the course of a year. Lower nutrient yields from shrimp ponds along the Nanliu 
estuary are mainly due to fewer harvests and lower frequency of water discharge from ponds.
Rare water discharge increases the residence time in ponds and may enhance fertilizer 
utilization compared to culture in Hainan, where frequent discharge may enhance the export 
of unused feedstuff.
Anthropogenic nitrogen in rainwater mainly originates from fossil fuel combustion and 
emissions from agriculture, and can be a strong source of nitrogen to estuaries and coastal 
waters (Duce et al., 2008). Rainwater is an important annual source for NH4 and DON, and 
contributes considerable input of PO4 (Tab. 1). Low concentrations of NO3 and Si on the 
other hand cause dilution of riverine inputs during precipitation (Chapter 1). Similar to other 
estuarine coastal systems (Boynton et al., 1995), atmospheric ????????????????????????????
of annual nitrogen and phosphorus inputs (Chapter 1). Anthropogenic nitrogen deposition to 
the coastal area of Guangxi Province has been reported at 10 to 30 kg TN ha-1 yr-1 (Galloway 
et al., 2008), but may be underestimated by at least 50% according to our calculations of 
45 kg ha-1 yr-1 of dissolved nitrogen alone (Tab. 1). A higher than worldwide average 
percentage (30%; Duce et al., 2008) of this nitrogen input is in the form of DON (56%, 
Chapter 1). This might have important ecological implications as rainwater borne DON is 
believed to be instrumental in enhanced algal productivity (see Anderson et al., 2002).
Increased anthropogenic nitrogen input via precipitation has been linked to higher frequency 
of harmful algal blooms in Chinese coastal waters (Zhang, 1994). Atmospheric deposition 
can be assumed to be similar between the studied systems along the Guangxi coast, but to 
have a higher influence on systems with low land-derived inputs, i.e. the Huangzhu estuary 
and Shankou Mangrove.
Spatial patterns in nutrient concentrations indicate that rural and urban population centers 
along the inner estuary and the west coast of Lianzhou Bay contribute to high concentrations 
of DON and PO4 in estuarine and coastal waters (Chapter 1). These inputs could not be 
quantified with the employed sampling strategy but relatively minor changes in 
concentrations and low population density suggest that to date they are small.
5.1.2 Eutrophic condition in the Nanliu River and Lianzhou Bay
Due to strong land-based inputs, nutrient concentrations in Nanliu River and Lianzhou Bay 
exceed levels known to cause eutrophication (Fig. 1a). The uptake of river borne nutrients by 
phytoplankton is common in rivers, estuaries and coastal waters (e.g. Boynton et al., 1995; 
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Smith, 2003), and the dominant factor leading to excessive primary production and 
eutrophication (Nixon, 1995). High primary production is reflected in high chlorophyll a 
concentrations and low POC/CHLa (Chapter 2). Observed carbon isotope (?13C) ratios of
<-25‰ ???????????????-24‰ in coastal waters as well as C/N values of 4.9-7.4 indicate that in 
situ production of freshwater and marine phytoplankton is the dominant source of POM
throughout the study region. Most PN is bound in this organic matter, as seen from the high 
linear correlation of POC and PN content in SPM (%POC and %PN, respectively) with an
intercept near zero (all riverine, estuarine and coastal data pairs: R2 = 0.91, b = 0.16).
Fig. 1: Concentrations of phosphorus and nitrogen (a) as well as chlorophyll a (b) in the Nanliu 
River (left panels) and Lianzhou Bay including the outer estuary (right panels) in comparison to 
literature values reflecting trophic states of freshwater streams and coastal waters, respectively 
(Smith et al., 1999). (a) also includes data from the Huangzhu River and estuary (spring 2010).
Phosphorus refers to total phosphorus in reference values but shows only PO4 for the data 
points, nitrogen is total nitrogen for both reference values and data. Notice the logarithmic scale 
of the right panel in (a). 
Primary production in Nanliu River and Lianzhou Bay is not limited by nutrient availability.
Although nutrient concentrations decrease along the salinity gradient (Chapter 1), minima in 
Lianzhou Bay are above half saturation constants for phytoplankton growth (Eppley et al., 
?????? ???????-?????? ???? ??????????? ????? and are sufficient to sustain high primary 
production (Chapter 2). Consequently, indicators for productivity do not correlate well with 
any dissolved nutrient concentration (Tab. 2). Uptake of riverine nutrients by marine 
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phytoplankton is shown by the stable isotope composi?????????????????????????13C reflect 
??????????? ???????? ???????????15N values compared to the river demonstrate the uptake of 
residual 15N-enriched DIN at low coastal NH4 (<10 μM) availability (Chapter 2).
Tab. 2: Correlations (squared correlation coefficient) of nutrient concentrations [μM] with indicators of productivity
(see Chapter 2); exemplary for samples from Lianzhou Bay and the outer estuary where minimum nutrient 
concentrations cause highest potential for nutrient limitation.
R² NO2 NO3 NH4 DIN DON PO4 Si DOC
Chl a 0.026 0.047 0.070 0.047 0.174 0.046 0.274 0.000
POC/CHLa 0.001 0.068 0.107 0.072 0.032 0.240 0.207 0.023
In the nutrient replete Nanliu estuary primary production rather depends on light availability 
as indicated by Fig. 2, which displays a common relationship between SPM concentration 
and POC content in rivers and estuaries (Ittekkot and Laane, 1991; Milliman et al., 1984; 
Zhang et al., 1998); phytoplankton-dominated POC content is low when shading by high 
concentrations of mineral particles hampers primary production. Thus, chlorophyll a 
concentrations in the turbid Nanliu River (Secchi depth always <0.5 m) show that high 
nutrient concentrations only occasionally cause eutrophication (Fig. 1). Lower SPM 
concentrations increase light availability in coastal waters, where chlorophyll a and amino 
acid composition of POM reflect highest primary production (Chapter 2). Consequently, 
utilization of high nutrient supply regularly leads to eutrophication in Lianzhou Bay (Fig. 1).
Fig. 2: Relationship between concentrations of SPM and its 
organic carbon content in the Nanliu estuary, including all data 
pairs except aquaculture samples.
According to classification by Nixon (1995) based on carbon supply, an ecosystem is 
eutrophic if it receives >300 to 500 g OC m-2 yr-1. External inputs supply 211 g OC m-2 yr-1 of 
DOC and POC to the Nanliu estuary (Tab. 1) and are amended by high in situ phytoplankton
production. Primary production was estimated at 110 g OC m-2 yr-1 during the early 1990s (Lu 
et al., 1995) but has likely increased since then due to alleviated PO4 limitation (Chapter 1). 
With a supply of >321 g OC m-2 yr-1 Lianzhou Bay suffers from eutrophication according to 
Nixon (1995).
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The coastal eutrophication is aided by prevailing nutrient composition. Time series data 
indicates enhanced productivity in response to increased PO4 concentrations, which allows 
for more effective utilization of the DIN supply at lower DIN/PO4 ratios. Low Si/DIN ratio 
caused a harmful algal bloom in Lianzhou Bay during spring 2004 (Chapter 1), though 
concentrations of Si and DIN were not unusually low or high, respectively. This indicates that 
changing nutrient ratios rather than concentrations cause an outbreak of harmful algal 
blooms. High productivity may also be supported by the relatively high concentrations of 
DON in coastal waters (Seitzinger and Sanders, 1997). Zhang (1994) has connected the 
formation of phytoplankton blooms to enhanced inputs of DON contained in rainwater. 
Jennerjahn et al. (2004) suggested that DON supports high phytoplankton production in 
tropical shallow coastal  waters affected by anthropogenic nutrient inputs.
Despite the highly eutrophic conditions in Lianzhou Bay, there is no indication for major 
negative effects commonly related to eutrophication (Cloern, 2001; Nixon, 1995; Smith et al., 
1999). High oxygen saturation and concentration levels (Chapter 1), coupled with permanent 
vertical mixing of the water column (Sun et al., in press), and a high abundance of benthic 
fauna (Committee of Annals of Chinese Estuaries, 1998) show that hypoxic/anoxic conditions 
and “dead zones” do not occur (Sun et al., in press). Prevailing diatom dominance reflects a
generally healthy phytoplankton community (Chen, 1997; Qiu and Lai, 2004) with rare 
exceptions of temporary harmful algal blooms (Qiu and Lai, 2005). Thus, habitat and 
biodiversity loss rather stem from physical human disturbance, i.e. the deforestation of 
mangroves, the frequent disturbance of estuarine sediments, the removal of marine 
secondary production by fisheries and benthic infauna harvest (Chapter 1; Bao et al., 2013; 
Committee of Annals of Chinese Estuaries, 1998, p. 105; Li and Lee, 1997).
Nutrient concentrations in the Huangzhu River and estuary are well below levels causing 
eutrophication (Fig. 1). Indeed, primary production in this more pristine system may be 
nutrient limited. While NO3 and NH4 concentrations are above general half saturation 
constants for phytoplankton growth, PO4 concentrations are below the necessary 1 μM
???????? ??? ????? ?????? ???????-?????? ???? ??????????? ?????. This is reflected in lower POC 
concentrations than in the Nanliu River. Since in both systems POC is mostly autochthonous, 
lower concentrations are not due to lower SPM concentrations but rather reflect lower 
productivity, despite higher light availability. Consequently, low ?15N (2.12‰) and high 
DIN/PO4 (>100) in Huangzhu River suggest that PO4 rather than DIN is the limiting element 
for primary production in pristine streams. Pristine conditions were also observed in the 
Shankou Mangrove, where NO3 and chlorophyll a (4.47 μg L-1) concentrations are within the
range reported for pristine estuarine and tidal mangroves (Robertson and Phillips, 1995). The 
system is probably also PO4 limited. Unfortunately, no reliable PO4 data is available from 
Shankou due to sample contamination. However, dwarf growth forms of mangroves, like 
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those in Shankou, are typically limited by phosphorus availability (Feller, 1995; Lovelock et 
al., 2004; McKee et al., 2002; Rivera-Monroy et al., 2011). Coastal marine areas adjacent to 
these pristine systems may however suffer nutrient and organic matter enrichment due to 
long distance transport of material from polluted areas like the Nanliu system (Chapter 2). 
Whether these remote inputs can provoke a phytoplankton growth response remains to be 
investigated. Chapter 2 describes the dispersion of anthropogenic nitrogen to pristine coastal 
areas. Comparison with data gathered by the Guangzhou Marine Geological Survey (GMGS;
Huayang Gan, personal communication) indicates that NO3 concentrations are higher in 
Pearl Bay (3.27 μM) than in the Huangzhu estuary (<2 μM), while PO4 concentrations (0.08 
and 0.2 μM, respectively) decrease towards marine conditions. This suggests a significant 
transfer of NO3 but not PO4 from remote affected sites.
5.1.3 Temporal variability in nutrient inputs and eutrophication
Seasonal variations in precipitation and temperature associated with the subtropical climate 
of southern China affect the coastal systems of Guangxi Province. 
 
Fig. 3: Long-term average mean monthly precipitation, air temperature, river discharge, 
and sediment transport of the Nanliu River according to Chen (1997). Correlations 
between parameters are: precipitation vs. river discharge R2 = 0.91; river discharge vs. 
sediment transport R2 = 0.92; precipitation vs. sediment transport R2 = 0.79.
River water discharge follows the seasonal pattern of precipitation (Fig. 3). Despite higher
water volume, seasonally similar riverine dissolved nutrient concentrations do not reflect
dilution during summer rainy season (Chapter 1), indicating higher total nutrient inputs during 
this main agricultural growing season. Due to low temperature aquaculture operations are 
suspended during winter and early spring and effluents are discharged only after harvest 
during summer. Consequently, riverine and aquacultural export of both dissolved and 
particulate nutrients increase during the high discharge, wet, warm summer period (Chapter 
1 & 2). Lower minimum salinity at both tidal stations during summer shows that higher 
freshwater discharge causes a more rapid delivery of undiluted riverine nutrient loads to 
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coastal waters. Larger inputs into Lianzhou Bay result in significantly higher SPM 
concentrations during summer (Chapter 2). Significantly lower marine SPM concentrations 
during spring increase light availability and allow a typical spring phytoplankton bloom 
(Chapter 2), which enhances eutrophication compared to summer (Fig. 1). 
Many systems subject to clear seasonality in precipitation and river discharge, particularly 
small river catchments, also experience dramatic changes in water quality composition in 
response to episodic events (Caffrey et al., 2007; Caraco and Cole, 2001; Chen and Hong, 
2011; Herbeck et al., 2011; Tay et al., 2012). The tropical storm Nesat caused extreme 
precipitation during the field campaign in summer 2011. Data obtained in its wake revealed 
that such episodic events have profound impacts on nutrient concentrations, composition 
and transformation in the Nanliu estuary (Chapter 1, 2 & 3). With the onset of extreme
precipitation concentrations of all nutrients typically increase briefly in a first flush that 
washes out nutrients from agricultural sources (Caffrey et al., 2007; Gentry et al., 2007; Volk 
et al., 2012 and references therein), but inputs are commonly diluted in the later phase of the 
hydrograph (e.g. Chen and Hong, 2011). Several days after the main event during summer 
2011 in the study area, anthropogenic nutrient sources (i.e. fertilizer deposits) were depleted
and NO3 and PO4 were diluted by rainwater. Simultaneously, rainwater and washout of older 
soil deposits increased regenerated nitrogen (NH4, DON) concentrations and caused a
change in nutrient ratios (Chapter 1). Stronger relative decrease of PO4 than NO3
concentrations and addition of NH4 significantly increased the ratio of N:P in response to 
enhanced soil erosion (Chapter 2). Strong erosion changed the POM composition by 
introducing terrestrial POM, while increased turbidity reduces in situ production. Diminished
primary production has also been reported in other flush affected estuaries of southern China 
(Herbeck et al., 2011).
The high SPM concentrations and water volume of episodic events contribute 
disproportionately to annual riverine transport (see also Sun et al., 2007). The inclusion of a
flush event in sampling of summer 2011 resulted in significantly higher estimates of 
particulate nutrient export compared to sampling of regular seasonal conditions in summer 
2010 (Chapter 2). Considering that up to 5 tropical storms annually cause episodic extreme 
rain events in the study area, particulate matter export (Tab. 1) should be considered an 
underestimate. Lower salinity at the Nanliu river mouth compared to normal discharge and 
tidal conditions indicates accelerated transport of river-borne material into coastal waters, as 
has been shown in another flush affected south Chinese estuary (Herbeck et al., 2011).
Flush events may thus enhance the delivery of anthropogenic nutrients to remote sites.
Land-use potentially enhances the environmental response to extreme events. Rain-driven 
erosion and surface runoff are stronger in agricultural area than natural vegetation, especially 
SYNOPSIS
108 
 
when crop residues are removed. Hoof action of livestock farmed along the Nanliu River 
increases the potential for river bank erosion. Construction further enhances flush response 
in urban areas because of direct runoff over sealed surfaces (see Introduction). Furthermore, 
the effect of flushes on coastal waters is potentially increased through the loss of wetlands, 
particularly mangroves, which physically reduce current velocity (Mazda et al., 2005; 
Wolanski, 1992) and potentially trap large quantities of suspended particles (e.g. Morton, 
2002; Winterwerp et al., 2005).
5.2 Influence of natural estuarine processes on nutrient distribution and dynamics
Several major biochemical and physical estuarine processes were identified in the course of 
the study that potentially influence the degree of eutrophication either by reducing the 
amount of available dissolved nutrients for primary production, or by controlling 
phytoplankton activity and abundance. These processes are graphically summarized 
together with input sources in a flow scheme in figure 4. 
Fig. 4: Simplified graphical summery of factors influencing nutrient dynamics in the Nanliu estuary. Arrows 
indicate the direction of nutrient transfer between ecosystem components. In bidirectional arrows the larger 
arrowhead indicates the main direction. Dashed arrows indicate episodic or intermitted inputs compared to 
continuous inputs indicated by sold arrows. Arrows exiting the scheme represent nutrient export terms
(denitrification, harvest), and removal from active nutrient cycling by sequestration (immobilization, burial). DNRA 
is dissimilatory nitrate reduction to ammonium; SOM is sediment particulate organic matter, including 
microphytobenthos.
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5.2.1 Sedimentary biogeochemical processes
In shallow estuarine systems, nutrient biogeochemistry is strongly influenced by benthic-
pelagic coupling and processes in surface and subsurface sediments (e.g. Alongi, 1994; 
Cook et al., 2004; Dong et al., 2011; Mortazavi et al., 2012; Robertson and Alongi, 1995).
Growing mainly near the Nanliu River mouth, mangroves are ideally positioned to alter the 
transport of land-derived riverine nutrients to coastal waters. Mangroves influence estuarine 
water composition through outwelling and sediment-water-exchange fluxes (Chapter 1 & 3).
Benthic nutrient dynamics cause high porewater concentrations of Si, NH4, and DOC through 
organic matter degradation, while denitrification in these oxygen-depleted sediments results
in low NO3 and NO2 concentrations (Chapter 3). In adjacent channels the outwelling of 
porewater causes concentration increases and fluctuations of Si and NH4 during low tide.
Outwelling is also evident in Shankou Mangrove from significantly higher mangrove 
dominated low tide than marine high tide concentrations of NH4 (20.1 vs. 2.9 μM) and DOC 
(430 vs. 148 μM). High NH4 (up to 32 μM) and DOC (up to 229 μM) concentrations in small 
effluent channels of mangroves in Pearl Bay, indicate similar influence on the Huangzhu 
estuary. Though porewater is NO3-depleted, outwelling does not visibly dilute estuarine 
concentrations due to high background levels of NO3 from the Nanliu River, which decrease 
conservatively in both transect and tidal samplings (Chapter 1 & 3). Stronger reduction of 
NO3 concentrations (ca. 30%) have been observed in estuarine waters with lower initial 
concentrations (Nedwell, 1975). Though not measured in this study, porewater 
concentrations of DOC are generally high and outwelling leads to distinctly increased 
concentrations in mangrove channels during low tide (e.g. Boto et al., 1989; Bouillon et al., 
2007; Dittmar and Lara, 2001). In the Nanliu estuary however, high riverine DOC 
concentrations mask a clear effect of outwelling (Chapter 3). The relative influence of
mangroves thus depends not only on its sink and source function but also on the background 
signal of observed constituents, which if high can mask mangrove influence even on a small 
spatial scale. 
Climate dictates temporal variability of mangrove benthic nutrient dynamics (Chapter 3).
Porewater concentrations of accumulating NH4, PO4, and Si, and presumably DOC, are
significantly higher during summer due to stronger OM degradation. It is unlikely however 
that outwelling has a stronger relative effect than during spring, because riverine water and 
nutrient transport is similarly enhanced during the high discharge season, leading to stronger 
dilution of the porewater signal. Extreme events have profound influence on the benthic 
nutrient dynamics in mangroves. High storm and discharge energy reworks sediments, 
causing advective loss of nutrients from as well as ventilation and oxygenation of subsurface 
sediments. Consequently altered redox conditions significantly decrease nitrogen reduction 
and cause unusual NH4 influx. The changed nutrient dynamics result in enhanced DON, NO3
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and PO4, but reduced Si concentrations in effluents. Extreme events thus change the sink-
source function of mangroves for at least several days after the storm climax. The concurrent
enhanced river runoff likely minimizes effects of these rather small-scale changes on
estuarine nutrient dynamics.
Mangrove uptake of waterborne nutrients has repeatedly been described as a filter function 
for anthropogenic pollution (e.g. Chu et al., 2000; Rivera-Monroy et al., 1999; Robertson and 
Phillips, 1995; Tam and Wong, 1996, 1993; Ye et al., 2001). Chapter 3 shows that despite 
sediment efflux and outwelling of NH4, plant uptake and benthic denitrification cause net 
nitrogen reduction in mangroves, rendering them a net DIN sink. Mangroves are also a sink 
for PO4 due to uptake by sediment surface microorganisms and mangrove vegetation (e.g. 
Feller et al., 2002; McKee et al., 2002; Wösten et al., 2003), as well as adsorption to clay
particles (see e.g. Robertson and Phillips, 1995). The specific DIN and PO4 removal rates in 
mangrove sediments of the Nanliu estuary are comparable to rates measured in other 
systems. Thus, these mangroves in principle work as a filter for anthropogenically enhanced
riverine nutrient inputs into Lianzhou Bay. The effective filtration service of the mangroves is, 
however, rather poor. The total uptake capacity for riverine and aquacultural nutrients is <1% 
NO3 and 1.2% PO4, showing that the small intertidal forest is unable to cope with the strong 
anthropogenic inputs (Chapter 3). At larger areal mangrove distribution reported for the early 
1990s (1790 ha; Li and Lee, 1997), filtration would remain <2% and <5% for NO3 and PO4
inputs, respectively. This shows that the strong inputs rather than the mangrove area are the 
determining factor for mangrove filtration service, as has been suggested by Valiela and Cole 
(2002). Furthermore, it has been pointed out that the application of effluents to forest 
sediments is a major issue in the filtration function of mangroves (Robertson and Phillips, 
1995 and references therein). As in the Nanliu estuary, the largest proportion of land-derived 
nutrients often passes through estuarine channels during low tide without inundating 
mangroves. Even at higher than current areal forest cover, mangrove filtration cannot be 
regarded as an effective tool in coastal nutrient management. Other studies also report high 
mangrove areas necessary for effective filtration (e.g. Robertson and Phillips, 1995; Shimoda 
et al., 2007), which are unrealistic in regions with expanding intensive aquaculture. How far 
the often stated filter function actually applies to natural systems is thus questionable.
Off the river mouth, benthic processes in the outer estuary influence coastal nutrient 
dynamics. During spring and summer 2011 sediment porewater profiles were obtained from 
the outer estuary (Fig. 5) and used to calculate diffusive benthic fluxes (Tab. 3) as described 
in Chapter 3 for mangrove sediments. Similar to mangrove sediments, denitrification in deep 
suboxic conditions reduces NO3 and NO2 and causes NO3 influx from bottom water, making 
these shallow subtidal sediments a net sink for DIN. Due to the almost complete depletion of 
NO3 and NO2 concentrations, the magnitude of NO3 and NO2 influx depends mostly on 
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overlying bottom water concentrations. For instance, despite seasonally similar porewater 
concentrations, NO3 influx is considerably stronger during summer because higher bottom 
water concentrations create a stronger diffusion gradient. The magnitude of NO3 influx 
largely governs net DIN removal because degradation of organic matter, and possibly DNRA
(compare Chapter 3), causes high NH4 porewater concentrations, and consequent efflux into 
bottom water counteracts NO3 uptake. Together with geochemical release from mineral 
particles, OM degradation also causes accumulation of PO4 and Si, which leads to their 
efflux across the sediment-water-interface. Higher summer temperature causes significantly 
higher porewater concentrations of accumulating NH4, PO4, and Si through enhanced OM 
mineralization and Si weathering (Gago et al., 2005; Lerat et al., 1990; Mortazavi et al., 2012; 
Vouvé et al., 2000). Higher diffusive vertical fluxes from sediment into overlaying waters do 
not necessarily imply stronger influence on estuarine nutrient dynamics because higher 
freshwater and background nutrient inputs also cause stronger dilution of effuxes. Compared 
to mangrove sediments porewater concentrations of NH4, PO4, Si are low in the outer estuary, 
reflecting lower OM degradation due to significantly lower sedimentary POC and PN content.
Fig. 5: Measured and modeled nutrient porewater profiles of sediments in the outer estuary during spring 2011 (a) 
and summer 2011 (b). Sampling, measurement and modeling, were done as described in Chapter 3 for mangrove 
sediment cores. Measured concentrations (open circles) are averages of triplicates and were used to model a 
high-resolution profile (black points).
Despite the large area of the outer estuary subtidal sandbanks are no effective filter for 
anthropogenic nutrients. Based on average calculated benthic fluxes (Tab. 3) the sandbanks 
remove about 18,000 mol DIN d-1, which equates to just 0.83% of the riverine inputs of about 
2,145,000 mol DIN d-1 (compare Chapter 1). Unless surface sediment microorganisms utilize 
PO4, as has been shown to be the case in mangrove sediments (Chapter 3), diffusive efflux 
is an additional source of bioavailable phosphorus to the water column. Rather than reducing 
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eutrophication, sandy sediments could thus contribute to favorable DIN/PO4 ratios, allowing 
stronger utilization of DIN and enhancing productivity.
Tab. 3: Diffusive benthic fluxes of nutrients across the sediment-water-interface of the outer estuary, modeled as 
described in Chapter 3 for mangrove sediments. Hourly total fluxes are the product of specific fluxes and the outer 
estuarine area of 16,578 ha, DIN fluxes are the sum of NO3, NO2, and NH4 fluxes.
NO3 NO2 NH4 DIN PO4 Si
Spring [μmol m-2 h-1] -0.01 -0.01 0.12 0.11 0.00 0.01
Summer [μmol m-2 h-1] -9.78 0.02 0.58 -9.18 0.03 0.33
Spring [mol h-1] -1.34 -1.44 20.29 17.51 0.06 2.31
Summer [mol h-1] -1,621 2.65 95.37 -1,523 5.10 54.21
5.2.2 Biological top-down regulation
A dense population of benthic bivalves on the sandbanks of the outer Nanliu estuary,
dominated by the clam Meretrix meretrix and considerable abundance of cultured oyster
Ostrea rivularis, actively influences nutrient dynamics and benthic-pelagic coupling. Benthic 
bivalves have long been known for high rates of POM filtration and subsequent NH4
excretion in estuaries and coastal waters (Coen et al., 2007; Dame and Libes, 1993; Dame 
et al., 1984; Jones et al., 2001; Jones and Preston, 1999; Nelson et al., 2004). Strong bivalve 
excretion causes maximum NH4 concentrations in the outer Nanliu estuary and a decreasing 
gradient in both upriver and seaward directions (Chapter 1). Annual NH4 excretion exceeds 
TN inputs from external sources to the outer estuary and Lianzhou Bay while NH4
concentrations in these coastal waters are lower than expected from calculated excretion 
rates (Chapter 1; Tab. 1). Nitrogen turnover rates in bivalves generally exceed incorporation 
into growing tissue (e.g. Zhuang and Liu, 2006). This suggests that nitrogen circulates in a 
short loop in which excreted NH4 supports high primary production, which in turn provides 
nutrition for the bivalves.
Though excreting NH4, bivalves are net nitrogen sinks (Dame and Libes, 1993). During 
feeding, bivalves filter large volumes of water (Buzzelli et al., 2013), from which they 
selectively remove primary produced POM (Dame et al., 1991; Prins et al., 1997). Thereby 
bivalves control marine phytoplankton production and biomass, and reduce coastal 
eutrophication (Coen et al., 2007; Dame and Libes, 1993; Dame et al., 1984; Jones et al., 
2001; Jones and Preston, 1999; Nelson et al., 2004). Bivalves have thus been proposed as 
key elements in biomanipulation to actively reduce eutrophication (e.g. Cerco and Noel, 2007; 
Ramos et al., 2009). With a water depth <10 m and high density of relatively small individuals 
(Deng et al., 2008), the outer Nanliu estuary provides ideal conditions for effective bivalve
filtration (Officer et al., 1982). This biological filter is highly adaptive as benthic biomass and 
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consumption rates increase with increasing nutrient input (Cloern, 2001; Josefson and 
Rasmussen, 2000).
The harvest of almost 140,000 t of oysters and clams from Lianzhou Bay annually (data from 
2009, Beihai Fisheries Bureau, Zhou, personal communication) constitutes an effective 
nutrient export term. Based on a fresh animal tissue proportion of 27.6% (Deng et al., 2008),
a protein content of 245.3 μg protein per mg edible bivalve tissue (Gopalakrishnan and 
Vijayavel, 2008), and assuming a standard nitrogen content of 16% in protein (Jones, 1941; 
Mariotti et al., 2008), the export by bivalve harvest amounts to 1516.5 t of nitrogen, an 
equivalent to 8.18% of the total calculated annual external nitrogen inputs (Tab. 1). While this 
is one order of magnitude higher than benthic nitrogen reduction in the mangrove forest or 
the outer estuary, it does not effectively prevent eutrophication. 
Besides direct consumption of anthropogenically enhanced POM, benthic bivalves can 
reduce nitrogen loads by enhancing transport from the water column to the sediment and 
increasing rates of benthic denitrification (Cerco and Noel, 2007; Coen et al., 2007; Dame et 
al., 1991). Moreover, a significant fraction of the excreted NH4 can be exported with tidal 
currents and cause phytoplankton growth response several km seaward from the bivalve 
beds (see Nakamura and Kerciku, 2000). In this manner bivalve feeding on POM may 
increase dissolved nutrient export from Lianzhou Bay.
The magnitude of bivalve filtration may vary with season due to higher metabolic activity in 
summer. Chlorophyll a filtration and NH4 exudation rates have been found to relate to water 
temperature, with higher bivalve activity during summer (e.g. Nakamura and Kerciku, 2000).
Due to also seasonal variations in mass nutrient input the relative filtration service provided 
by bivalve feeding may be similar throughout the year.
5.2.3 Physical influence of macro tides
Macrotidal currents influence estuarine nutrient distribution by mixing of riverine and marine 
water with different nutrient concentrations and composition, which leads to continuously 
changing nutrient regimes within the inner and outer estuary (Chapter 1). Concentrations of 
all dissolved nutrients are higher during low tide. Nitrogen composition gradually changes
from dominance of new NO3 during low tide to increasing importance of regenerated NH4 and 
DON during high tide. Tidal water level changes govern the hydrologic gradients between the 
estuary and mangroves and aquaculture. During low tide the input of aquaculture effluents 
further increases land-use impact. The macro-tidal currents cause strong bidirectional 
nutrient transport. Flood tides transport high NH4 concentrations from bivalve exudation into 
the inner estuary (Chapter 1) and carry marine POM ???????? ?????? ?13C identifies its 
presence in the water column and in riverbank sediments (Chapter 2). Tidal mixing causes a 
relatively weaker gradient between freshwater and marine POM compared to other estuaries 
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(Chapter 2). The magnitude to which tidal currents mix riverine and marine waters depends 
on the strength of river discharge. During summer, high discharge limits tidal upriver 
transport and causes a clear gradient between freshwater and marine signals. As hydrologic 
pressure from Nanliu River decreases with lower discharge during spring, stronger effective 
tidal mixing causes a more homogeneous distribution of riverine and marine matter.
Ebb tide currents facilitate tidal flushing, which is instrumental in rapid export of land-derived 
nutrients from Lianzhou Bay to the Beibu Gulf (Chapter 1). Compared to river discharge 
flushing, tidal exchange with the Beibu Gulf reduces residence time in Lianzhou Bay from 
months to days (Sun et al., in press). The short hydraulic residence time of well-flushed 
systems has been shown to limit the magnitude of nutrient utilization by in situ processes like 
algal growth and to enhance the export of nutrients (Josefson and Rasmussen, 2000; Smith, 
2003). Since nutrient availability and water transparency in Lianzhou Bay are favorable for 
primary production (Chapter 1), short residence time potentially limits local primary 
production. Limited DIN utilization by phytoplankton in Lianzhou Bay is indicated by relatively 
?????? ?????????? ??? ?15N between riverine and marine SPM compared to other eutrophic 
coastal systems, where enrichments of up to 20‰ are observed (Chapter 2). Tidal export 
thus reduces the effects of riverine, aquacultural, and urban nutrient loads on local 
eutrophication. Through the means of dispersal by coastal long-shore currents the export 
from the Nanliu estuary is a source of nutrients to remote areas with less local hinterland 
??????????? ??? ????? ????? ???? ????????????? ??? ?15N of marine SPM along the Beibu coast 
(Chapter 2).
Tidal currents also influence nutrient and SPM concentrations through resuspension,
especially in the inner estuary (Chapter 2). This increases the concentration of SPM and 
POM by reintroducing previously deposited and degraded estuarine POM into the water 
column. The disturbance of surface sediments releases Si, NH4 and PO4-rich porewater and 
contributes to variable nutrient concentrations and non-conservative mixing along the inner 
estuary (Chapter 1). The effects of resuspension, however, are only visible against the high 
riverine background concentrations if tidal currents are particularly strong or enhanced by 
high wind energy (Chapter 2). Localized extreme sediment disturbance is caused by human 
extraction of sand and benthic fauna (Chapter 1). In both enterprises bottom sediments are 
pumped or sucked onto boats from where excess water is released to the estuary. In the 
case of fauna harvest, most sediment is returned to the estuary after sieving, creating 
plumes of high SPM concentrations. Besides releasing porewater, these “resuspended” 
sediments may influence local nutrient regimes through geochemical processes as redox 
conditions change between reduced deep sediments and oxidized water column.
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5.3 A possible future
While nutrient delivery from land to ocean is bound to rise globally, highest increases are 
predicted for East Asia and particularly China, due to increasing population, fertilizer use, and
industrialization (Seitzinger et al., 2002). The Chinese Western Development Program is the 
central government’s effort to drive progress in currently underdeveloped western provinces,
with the Guangxi Beibu Gulf Economic Zone Development Scheme (BGEZ) being the only 
coastal project included (nanning.gov.cn, 2010). This will enhance human pressure on the 
study region, amplified by an increasing coastal population and urbanization (Montgomery, 
2008). Agriculture has expanded over the past decades (Committee of Annals of Chinese 
Estuaries, 1998) and is likely to further increase especially by intensification of fertilizer use, 
enhancing nutrient inputs (e.g. Foley et al., 2005; Seitzinger et al., 2002). The exploitation of 
areas suitable for aquaculture has been a target of local development for several decades 
(Committee of Annals of Chinese Estuaries, 1998) and continues because the high 
commercial value of shrimps represents a financial benefit for farmers that convert from 
agriculture to aquaculture (interviews with farmers, Kaiser, unpublished). Due to higher yields 
from ponds than from agricultural areas, nutrient inputs will increase as aquaculture 
development progresses. While landward expansion of aquaculture was observed during the 
course of this study, its magnitude is difficult to project because accurate estimates of the 
area feasible for pond aquaculture are not available. Development of Beihai City as a major 
summer tourism destination and light industry base is a main focus point of the BGEZ. 
Increasing urban development will enhance sewage discharge into Lianzhou Bay (see Wu et 
al., 2007).
Besides increasing nutrient inputs, land-use change will alter nutrient ratios. Expansion of 
shrimp ponds into agriculture areas will cause lower DIN/PO4, DIN/TDN and Si/DIN ratios 
because of higher NH4 and DON but lower NO3 and Si concentrations in ponds (Chapter 1). 
In addition, higher loads of particulate organic matter will be discharged into coastal waters 
(Chapter 2). Urbanization may enhance PO4 and DON concentrations and relative 
abundance in Lianzhou Bay. Additionally, local land-use change is predicted to enhance 
annual precipitation over the area (Xuejie et al., 2003). Indeed, Chen (1997) reported 
increased rainfall between the 1960s and 1980s concurrent with expanding agri- and 
aquaculture. Enhanced precipitation will increase material transport to the coastal ocean and 
further increase concentrations and proportions of NH4, DON and PO4. As has been shown 
in this study, changes in individual nutrient ratios may cause shifts in phytoplankton 
community and productivity in the Lianzhou Bay. Species forming harmful algal blooms may 
outcompete naturally dominating diatoms as DIN/PO4 and Si/DIN ratios decrease and DON 
availability increases (Chapter 1, Section 5.2.1).
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Land-use change will also affect temporal variability of nutrient inputs. Summer tourism can 
be expected to increase sewage loads during summer, while urban construction generally 
increases the response to episodic rain due to rapid runoff over sealed surfaces (Lee et al., 
2004; Soller et al., 2005). Aquaculture expansion will further increase event-type episodic 
inputs. The receiving coastal waters might not be able to gradually adjust to change but react 
with sudden responses to enhanced nutrient pulses. 
Land-use change in the study area thus threatens to alter the magnitude, composition, and 
timing of nutrient inputs in a way that enhances coastal eutrophication. Since natural nutrient 
filtration is not a means of reducing these effects (Chapter 3, Section 5.2.2), the reduction in 
nutrient inputs must become a prime concern for natural ecosystem and service protection.
On the other hand, the BGEZ addresses the protection of natural resources, e.g. by 
promoting sewage treatment (nanning.gov.cn, 2010). Sewage treatment is among the most 
efficient ways to reduce riverine nitrogen transport (Galloway et al., 2008) and is the reason 
for improved water quality in the Nanliu River during recent years (Dai et al., 2011). Since 
agriculture is the single largest source of nutrients transported in the Nanliu River, current 
and future development needs to aim at more efficient farming with higher production per unit 
fertilizer (see Foley et al., 2005; Galloway et al., 2008). The production and use of fertilizer 
from crop residues is currently in an early stage but has high potential and may aid in 
retaining soil organic matter and nutrient levels that reduce the necessity for synthetic 
fertilizer (Fan et al., 2007; Li et al., 2001; Zhu et al., 2007). Further environmental and 
economic benefits could be achieved by improved livestock management (Galloway et al., 
2008). The sale and use of chicken and fowl manure is already practiced on a small scale 
(personal observation) and such operations have a potential for expansion.
Social development in China, including rising average income, is believed to have positive 
feedback on natural systems and balance effects of population increase (Lindert, 1999).
While tourism can have harmful effects, it increases people’s appreciation of natural 
resources and provides income opportunities alternative to adverse farming practice (see e.g. 
Creel, 2003). Tourist facilities in Beihai and Shankou, for instance, include educational 
mangrove areas (personal observation). Chinese mangroves are under national level 
protection (Zhou, personal communication), and interviews with potential users and 
stakeholders showed that this is widely accepted as necessary (Kaiser, unpublished).
Satellite images (GoogleEarth; e.g. at 21°35'24"N 109°3'52"E) and surveys conducted by the 
GMRC (Zhou, personal communication) show that mangrove area in the Nanliu estuary is 
currently expanding. Though this will not significantly increase their function as an effective 
filter for anthropogenic nutrients (Section 5.2.2), other ecosystem services, including habitat 
provision and recreation, may proliferate. Similarly, the seaward expansion of subtidal 
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sandbanks by 1.6 m yr-1 (Committee of Annals of Chinese Estuaries, 1998) will not 
significantly increase geochemical benthic filtration of dissolved nutrients, but may increase 
suitable habitat for benthic bivalves. The area suitable for mariculture of clams and oysters 
has not been fully exploited; of the total available area of at least 100 km2 (Chen, 1997) only 
a maximum of about 50 km2 were used in 2009 (Beihai Fisheries Bureau, Zhou). Higher 
harvests could increase the effective nutrient export from the system, while adding economic 
benefits for local fisheries. Furthermore, especially stake or suspension oyster cultures may 
provide habitat, protection and nurseries for other commercial species that also support 
higher trophic levels, including protected endangered marine mammals. Oyster culture also 
alters hydrology and may trap POM, retaining it in the system and increasing sequestration in 
bivalve biomass and subsequent export via harvest (Dame et al., 1984; Nelson et al., 2004).
The system-level effect of bivalve filtration is poorly quantified (Coen et al., 2007), but the
removal efficiency in tidal conditions may be assessed experimentally in lab (Jones et al., 
2001; Jones and Preston, 1999) and field (Dame et al., 1984) trials.
Although land-use change has the potential to increase anthropogenic nutrient generation, 
there are several measures that could be taken to avoid enhanced nutrient transport and 
coastal eutrophication. 
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